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1 
INTRODUCTION 
Nuclear magnetic resonance (nmr) spectroscopy has 
proven to be a valuable, non-destructive tool for studying 
chemical systems. The variety of parameters that may be 
obtained from the nmr spectrum, such as the chemical shift, 
spin-lattice (T1 ) and spin-spin (T2 ) relaxation times, 
and exchange rates, 1 have yielded information about numerous 
chemical species in solution. This thesis examines four 
different systems with a variety of nmr techniques. 
Parts I through III look at the rela~ation behavior of 
carbon-13 carbon monoxide (CO) when bound to protoheme 
systems, primarily hemoglobins. Previous T1 and nuclear 
Overhauser effect (NOE) studies2 of 13co bound to human 
hemoglobin gave inconsistent results about the nature of 
the protein interactions with the heme-bound ligand. These 
inconsistencies are shown to be due to an incomplete under-
standing of the T1 relaxation behavior of 
13co. Using 
this knowledge, new information has been obtained about 
the protein-ligand interaction. 
Part IV is a reexamination of the carbon-13 nmr 
spectrum of histidine enriched with carbon-13 and bio-
synthetically incorporated into the catalytic triad of the 
serine protease, a-lytic protease. Earlier workers 3 found 
that this histidine possessed an abnormally low pKa value; 
this was interpreted as supporting a "charge-relay" mechanism 
2 
as the mode of catalysis for serine proteases. The present 
investigation reveals that this previous interpretation was 
incorrect, primarily because of the magnetic field used. 
The results presented in Part IV show how advanced nmr 
technology helps in the understanding of complex biochemical 
problems. 
A new method for measuring the exchange rate of a 
two site chemical system undergoing slow exchange is de-
scribed in Part V. The advantages of this method are that 
it may be applied to any nmr-active nucleus, and that the 
relative populations of each site do not have to . be the 
same. 
Part VI discusses an attempt to observe the chirality 
of the active site of liver alcohol dehydrogenase using 
the racemic modification of the ethanol substrate,_ CD3CHDOD. 
An estimate of the chemical shift difference due to environ-
mental factors for each proton when the substrate is bound 
to the protein has been made using 500.13 MHz proton nmr 
data. 
Lastly, Part VII demonstrates the use of a very high 
field nmr spectrometer to elucidate the structure of a dimer 
synthesizedby crosslinking the drug verapamil using formalde-
hyde. 
1 . 
It is shown that, at 500.13 MHz, H resonance ass1gn-
ments and the interpretation of spectra for large molecules 
become relatively straightforward when compared with lower 





Nuclear Magnetic Resonance Investigation of 
13co Binding to Heme Systems: Carbon-13 




Heme prosthetic groups are found in the active sites 
of a variety of proteins including oxygen transport proteins 
(hemoglobin), oxygen storage proteins (myoglobin), and redox 
proteins, such as the cytochromes. Many of these proteins 
are able to bind carbon monoxide which has beenused as a probe 
to study the heme environment via carbon-13 nuclear magnetic 
. 1-11 resonance (nmr) and infrared (ir) spectroscop1es. 
The interpretation of ir spectra of carbonmonoxy 
. 4 6 8-10 hemoglob1ns ' ' has been aided by data obtained on 
various carbonyl heme models which have demonstrated how 
cis
2
' 11 and trans1 ' 2 effects can perturb the vibrational 
modes of the CO ligand. These results have greatly helped 
in the understanding of ligand-protein interactions in the 
heme pocket. 
The molecular effects which influence the carbon-13 
chemical shifts of 13co bound to heme proteins are much 
less understood, however, although the chemic~l shifts in 
carbonmonoxy myoglobins and hemoglobins reconstituted 
with modified hemes have been shown to be sensitive to 
changes around the periphery of the heme. 14a In order to 
help in the interpretation of the carbon-13 nmr spectro-
scopic parameters of 13co bound to heme proteins, two 
compounds, protoheme IX dimethyl ester C!) and protoheme 
mono(3-(l-imidazoyl)propyl)amide monomethyl ester (~), were 
studied using carbon-13 nmr. 
6 
The chemical shift experiments are directed towards 
understanding to what degree the protein influences the 
environment of the heme bound 13co in a spectroscopically 
detectable manner. . 3 6 11 15 16 Several v1ews ' ' ' ' have been 
presented with regard to the functional specificity of 
the heme ligand-protein interactions, and in this chapter 
additional evidence is shown in support of some 3 ' 6 ,l5 , 16 of 
these arguments. 
Another important nmr parameter which is examined 
is the spin-lattice relaxation time (T1 ) of 
13co coordinated 
to the heme. Understanding the contributions of the various T1 
relaxation mechanisms can yield valuable information on the 
nature of the ligand's environment in the protein. Accordingly, 
a T1 study of 
13co bound to 1-methylimidazole-protoheme IX 
dimethyl ester (1-Meim-!) has been carried ou~ at three mag-
netic field strengths (2.35, 4.22, and 8.44 Tesla). 
7 
EXPERIMENTAL 
Chemicals: Protoheme IX mono-(3-(1-imidazoyl)propyl)-
amide monomethyl ester was provided by Professor Taylor's 
group. 17 Protoheme IX dimethyl ester was prepared by the 
method of Fuhrop and Smith. 18 All buffers and solvents 
were reagent grade. 
Sample Preparation: A heme sample was weighed and 
degassed in a 10 cc syringe with nitrogen. Approximately 
5 ml of a 4:1 mixture of nitrogen-degassed DMSO:d6 -DMSO 
was then added to the syringe. After the heme was dissolved, 
the solution was injected into a 10 or 12 mm nmr tube· equipped 
with a 2 mm access port which had been degassed with nitro-
gen and sealed with a rubber sleeve. Approximately 3 ml of 
90%-enriched 13co was then injected into the tube, after-
which the iron was reduced by injection of 15 ~~ of a 
0.4 M phosphate buffer solution (pH ~ 7) which was saturated 
with sodium dithionite. For the protoheme IX dimethyl ester 
samples, aliquots of 1-methylimidazole (1-Melm) were in-
jected into the nmr tubes using a 10 ~~ · syringe. For thestudy 
of the solvent dependence the volume of the sample was 3 ml. 
An internal capillary was used for the deuterium lock. 
8 
Instrumental: Carbon-13 nmr spectra were obtained with 
three different spectrometers. Low field measurements were 
made on a Varian XL-100-15 spectrometer operating at 
25.14 MHz in the pulse Fourier transform (FT) mode. Spectra 
at 45.28 MHz were obtained with a Bruker WH-180 spectrome-
ter. High field FT spectra were acquired with the 
Stanford Magnetic Resonance Laboratory's HSX-360 spectrome-
ter which has a carbon-13 resonant frequency of 90.5 MHz. 
For each spectrum the line broadening used was equal to 
the digital resolution of the transformed spectrum. 
Sample tubes (10 mm) were used on both the WH-180 and the 
HXS-360, while 12 mm tubes were used on the XL-100-15. 
! 1 Measurements: Spin-lattice (T1 ) relaxation mea-
surements were made using the techniques of inversion 
recover..f 9 d . t t. 20 an progress1ve sa ura 1on. In all cases 
the limitation for the use of progressive saturation that 
T 2* << T1 was satisfied as determined by line-width mea-
surements. The delay times (T) were varied randomly so 
as to eliminate systematic errors. T1 values were cal-
21 culated using a non-linear least squares program to fit 
the equation AT = A
00 
+ (A0 - A00 )exp(-T/T1 ). 
Viscosities and Densities: Viscosities of solutions 
were determined by the method described by Shoemaker 




Rotational Brownian motion in a magnetic field of a 
molecule containing as nmr active nucleus (I ~ 1/2) will 
cause fluctuations in the local magnetic field of that 
nucleus if it possesses an anisotropic chemical shift tensor 
These local fluctuations provide a 
mechanism (Chemical Shift Anisotropy, CSA) for spin-lattice 
(T1 ) and spin-spin (T2 ) relaxation. If one assumes axial 
symmetry, i.e., o = o , the CSA relaxation rates can 
XX yy . 
be described by eqs. 1 and 2?3 Both of these equations assumes 
1 2 2 2 T r 
T = 15 X W (/10) X 2 2 1csA 1 + W T r 
(1) 
1 2 x w2 (11o) 2 xt 3 + 1Tr = 45 2 2 T 2csA + W T r (2) 
where 
w = Larmor frequency 




o..L = 0 = 0 XX yy 
T = rotational correlation time in solution r 





relaxation via CSA at two different frequencies 
with /1o = 480 ppm. For the case of an ellipsoid (principle 
axes a f b f c) undergoing anisotropic reorientation in 
10 
Figure 1 
Calculated log-log plots of (A) spin-lattice 
and (B) spin-spin relaxation for 13co at w = 25.14 
and 90.5 MHz using eqs. 1 and 2, with ~o = 480 ppm. 
Qipole-dipole relaxation times, assuming a 
13c-1H distance of 2.0 ~' have been included for 
comparison. 
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solution, eq. 1 becomes:24 , 25 
1 = A + _E!_ + c T Tl Tl Tl 1CSA A B c 
where 
1 2 w2(~cr)2 = 15 X X Tl 
A,B,C 
A 1 (3 2 = 4 X cos 0 
B 3 . 20 2 = Sln - cos 0 
c 3 . 40 = 4 s1n -
TA = Tj_ 
TB 6 T.l. T II ( T-L + 5T II ) 
















and where T~ and T11 are the rotational correlation times 
perpendicular and parallel to the symmetry axis, respec-
tively. If the approximation is made that the heme is an 
axially symmetric ellipsoid (a f b = c), 0 equals zero 
for 13co bound to the iron and eq. 3 reduces to eq. 1. 
13 
RESULTS AND DISCUSSION 
Chemical Shifts 
13 The carbon-13 nmr spectra of the CO-heme com-
plexes show a single peak in the region near 200 ppm 
downfield from TMS. Equilibration of ! with 13co in 
DMSO:d6 -DMSO (4:1) leads to a single peak 207.7 ppm down-
field from TMS (Figure 2a). Addition of aliquots of 1-
Meim causes a second peak to appear at 205.8 ppm 
(Figures 2b-2c); addition of more 1-Meim causes the 
relative intensity of the upfield peak to increase until, 
at a 1-Meim:heme ratio of 2:1, only the resonance at 
205.8 ppm is observed (Figure 2d). The peak at 207.7 ppm 
has thus been assigned to the complex DMS0-1-13co in 
which DMSO is bound to the heme trans to the 13co. 
(Previous observations28 , 29 have shown that DMSO coordinates 
to hemes through the oxygen.) Displacement of the axial 
DMSO by 1-Meim yields the complex l-Meim-!-13co which is 
responsible for the resonance at 205.8 ppm. In support 
of this assignment, an analogous complex, ~' in which the 
imidazole ring is covalently attached to the heme and is known 
to be the axial ligand trans to 13co, has a similar chemi-
cal shift at 205.8 ppm (Figure 2e). 
Figure 3 shows the result of adding 1-Meim to 1-Meim-!-
13co in DMSO. The 1.1 ppm change in the chemical 
shift is similar to the decrease of the C-0 stretching fre-
- . 29 
quency obser~ed in going from a DMSO to 1-Meim solut1on. 
14 
Figure 2 
13co chemical shifts of protoheme IX dimethyl ester-
13co and protoheme mono(3-(l-imidazoyl)propyl)amide 
monomethyl ester-13co in DMSO:d6 -DMSO (4:1): (a) 
0.015 ~ !-13co; (b) Sample (a) plus 2.3 ~i 1-methyl-
imidazole; (c) Sample (a) plus 4.6 ~i 1-methylimidazole; 
(d) Sample (a) plus 13.1 ~~ of 1-methylimidazole; 





208.0 207.0 206.0 205.0 
ppm (from TMS) 
16 
Figure 3 
.Solvent dependence of the 13c=o chemical shift of 
0.01 M ferrous protoporphyrin IX dimethyl ester-
13c=o. The chemical shifts were measured relative 
to internal TMS. The line drawn through the points 
is the least squares fit of the data. All spectra 




The resonances for these model systems are 
shifted upfield relative to those for heme coordinated 
13co in mammalian hemoglobins and myoglobins. The 
data in Table I show that the 13c nmr spectrum of the 
l-Meim-l-13co complex in DMSO more closely resembles the 
spectrum obtained from the monomeric hemoglobin (Hbii) of 
the marine annelid Glycera dibranchiata;8 whereas in 
1-Meim the 13co chemical shift is similar to that of HbA. 
Satterlee et al~ have previously suggested that this 
downfield shift is caused by a nucleophilic interaction 
between the heme bound ligand and the imidazole nitrogen 
of histidine E-7. Thus, in 13cO-Hbii, which lacks His E-7 
(His E-7 ~Leu), the 13co resonance appears at 206.2 ppm, 
which is very close to the 13co resonances found for the 
model systems. In support of this argument is the fact 
that the 13co resonance of l-Meim-l-13co in 1-Meim shifts 
downfield towards the chemical shifts observed for hemo-
globins with a histidine at position E-7. 
Relaxation 
The overall rate of spin-lattice relaxation can 
be described by eq. 11. 
1 1 1 1 
= T + -T--- + T 




D-D = nuclear dipole-dipole relaxation 
sc = scalar relaxation 
CSA = chemical shift anisotropy 
p = paramagnetic relaxation 
Q = quadrapolar relaxation 
SR = spin-rotation relaxation 
If the relaxation measurements are made at two different 
field strengths, the difference between the two rates is given 
by eq. 12. For this system the dipole-dipole, scalar, para-
+ b.--1- + b. 1 
T T 1sc 1csA 
(12) 
magnetic, and quadrapolar contributions to the total rate 
should be small compared to the CSA and spin-rotational 
relaxation rates. For a molecule of the size of l, l/T1 SR 
should be negligible at all field strengths used in 
this study,33 hence b.l/T
1 
should be much less than 
SR 
b.l/T1 . Thus, eq. 12 reduces to CSA 




13co Chemical Shifts of Various Heme Complexes 
Complex Chemical Shift (ppm)a Ref. 
DMSO-l-13co 207.7 this work 
13 l-Meim-1- CO (DMSO solvent) 205.8 this work 
13 1-Meim-l- CO (1-Meim solvent) 206.9 this work 
2-13co 205.8 this work 
Human Hemoglobin 
a-chains 207.5 l4b, 28 
6-chains 207.1 l4b, 28 
Sperm Whale Myoglobin 208.7 l4b, 28 
G. dibranchiata 206.2 28 
a) shifts are downfield from TMS, error limits are+ 0.1 ppm. 
21 
(14) 
where wA > wB. From eq. 14 one can determine l~ol directly 
from relaxation measurements obtained at two different 
frequencies. It should be noted that if there is any con-
tribution to l/T1 from the other mechanisms, tot 
< ~ 1 
T 1csA 
(15) 
Thus, the value for l~ol obtained with eq. 14 will be a lower 
bound. 
Figure .4 shows a set of typical progressive satura-
tion T1 stack plots obtained at 25.14 and 90.5 MHz. Table 
II summarizes the relaxation data collected at three 
frequencies. Table III contains the chemical shift informa-
tion for solid 13co and three carbonyl complexes. 
A significant decrease is observed in crL (from -123 
. 13 13 ppm for sol1d CO to -207 ppm for 1-Meim-!- CO) which 
reflects the change in the electronic environment of the 
carbon nuclide. 31 The increase in cr 11 
13 for 1-Meim-1- · CO 
is probably caused by a ring current shift due to the nnetwork 
of th~ heme. 35 Such an effect of the heme ring current 
can also explain the significant difference between ~cr 
for l-Meim-1-13co and Fe(l3co) 5 . 
22 
Figure 4 
13co progressive saturation T1 measurements of 
0.015 M 1-methylimidazole-protoheme IX dimethyl 
13 0 ester- CO taken at 29.0 + 1.5 C: (a) 25.14 MHz; 
(b) 90.5 MHz. Note the increase in linewidth 











Spin-Lattice Relaxation Times of 13co B~und to 0.015 M 
1-Methylimidazole-Protoheme IX Dimethyl Ester in DMSO:d6-DMSO (4:1) 
T(~l.5°C) v(MHz) T1 (sec) 
a 10 b Tr(xlO sec) lb.cr I (ppm)c 
25.14 2.3 + 0.2 
21.0 45.28 0.63 + 0.23 4.1 + 0.8 574 + 122 
90.5 0.19 + 0.02 
25.14 2.6 + 0.2 -29.0 
90.5 0.20 + 0.02 3.2 + 0.6 614 + 63 
ar Errors are standard- deviation obtained from a nOn-linear curve fit; fi) I 
calculated using a solvent radius of 2.1+0.1! and a heme radius of 7.2+0.2 r 
as estimated from the crystal structure of a-chlorohemin. The error limits 
reflect the uncertainty in the viscosity measurements and radius estimates; 





13co Chemical Shifts and Shielding Tensorsa 
Compound b b c L1ad Ref. a,, a.L crAV (~10) 
--
13co 283 -123 +12 406 + 30 33 tv - c.n 
Ni( 13co)4 294 -146 + 1 440 + 44 34 -
Fe( 13co) 5 253 -155 -19 408 + 41 34 
13 1-Meim-1- CO 377 -207 . -12 584 + 132 this work -
a) units are in ppm; b) calculated given the two equations L1a = lcr 11 -cr~l and 
aAV = (cr 11 +2cr~/3; c) equation for crAv given in ~b). 31Chemical shifts are based on an absolute scale, with 0AV = 12 + 10 for 1 CO. Positive crAv denotes up-
field shift; d) sign of L1a is positive.34 
26 
Understanding the influence ligands trans to 13co 
have on the carbon chemical shift and of the mechanism 
of spin-lattice relaxation in the protoheme derivatives 
studied provides a basis for the interpretation of these 
nmr parameters in carbonmonoxy hemoglobins and myoglobins. 
Extension of this work to the heme-containing proteins, 
specifically the spin-lattice relaxation of 13co bound to 
hemoglobin and myoglobin, will be presented in Part II. 
27 
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PART II 
Nuclear Magnetic Resonance Investigation 




Examination of the interaction between 13c-enrichedcarbon 
monoxide and the heme environment of myoglobins and hemoglobins 
has been investigated in recent years through the use of 
1-5 carbon-13 nuclear magnetic resonance (nmr) spectroscopy. 
The information obtained with these experiments has been 
relatively limited, as the parameters measured (chemical 
shift and spin-lattice 'relaxation times, T1 ) has not been 
4 5 fully understood. Recently, Satterlee et al ' have 
been able to explain the chemical shifts of 13co bound to 
the monomeric hemoglobin of the marine annelid Glycera 
dibranchiata and to rabbit (New Zealand white) hemoglobin 
as a function of the distal residue E7 (histidine in 
rabbit, leucine in Glycera) and its interaction (or lack 
of one) with the bound ligand. 
Moon, 1 in an attempt to understand the nature of the 
interaction between the heme bound 
13co and the distal 
residues in human hemoglobin and sperm whale myoglobin, 
carried out Tl and nuclear Overhauser effect (NOE) measure-
the 
13 being ments. His Tl results indicated that CO was 
relaxed by a 13c-1H dipolar mechanism, the hydrogen atoms 
being associated with the heme pocket residues. However, 
this interpretation was not supported by the NOE data 
which, within experimental error, 6 gave an NOE of 1.0 
(n = O). 
33 
With Moon's contradictory results in mind, 
th t d . d · 1 19 h b 1· d e concep s 1scusse prev1ous y ave een app 1e 
to his data, namely, that Chemical Shift Anisotropy (CSA), 
in addition to dipole-dipole (D-D) interactions, contributes 
to the observed spin-lattice relaxation rates. With this 
analysis, it is possible to explain all of his observa-
tions, including the lack of a measurable n. In order 
to solidify this interpretration, T1 measurements of 
13co 
bound to sperm whale myoglobin have been made at 2.35 and 
8.44 Tesla. The linewidth field dependence of 13co-
coordinated rabbit hemoglobin was als~ carried out. It 
is believed that such nmr measurements have been used to 
obtain information about the role of His-E7 in the binding 
of carbon ~onoxide to hemoglobins and myoglobins. 
34 
EXPERIMENTAL 
Sample Preparation: Approximately 400 mg of sperm 
whale myoglobin (Sigma) were dissolved in 15 ml of 0.1 M 
Tris buffer, pH 7.1. After the removal of solid impurities 
by centrifugation at 15,000 rpm for 30 min, the sample 
was concentrated by pressure ultrafiltration (Amacon UM-10). 
The concentrated myoglobin was purified by chromatography 
on a Sephadex G-75 column, equilibrated with 0.1 M Tris 
buffer, pH 8.0, and concentrated again. The sample was 
then taken up in a 50 cc syringe, degassed with nitrogen, 
and injected into another syringe (degassed) with approxi-
mately 10 mg of sodium dithionite. 5 ml of 13co were 
added to the sample which was then concentrated to 6 ml, 
diluted to 9 ml with n2o, and concentrated to 6.8 ml. The 
sample was again degassed with nitrogen, after which 3 ml 
of 13co were added to the sample. The resulting solution 
was then injected into two degassed nmr tubes (10 and 12 mm 
o.d.) like those previously described.
19 
Rabbit (New Zealand white) hemoglobin was prepared 
from 50 cc of freshly drawn, citrated blood. The red 
cells were separated from the plasma by centrifugation 
at 2000 rpm for 30 min and washed three times with 0.15 M 
NaCl. The cells were then lysed with distilled water ~t 
4°C. The cell debris was removed by centrifugation 
35 
at 15,000 rpm for one hour. The resulting hemoglobin was 
purified with 0.15 M NaCl using continuous flow high pres-
sure ultrafiltration (Amacon UM-10) for 24 hrs at 4°C. 
The sample was then concentrated to approximately 12 ml 
and deoxygenated in a 30 cc syringe with nitrogen. 2 ml 
of degassed n2o were added to the protein solution, after-
which the sample was injected into two nmr tubes (10 mm 
and 12 mm), each containing approximately 3 mg of sodium 
dithionite. Nine ml of 13co ·were then injected into each 
of the degassed sample tubes. 
The concentration of the carbonmonoxy myoglobin sample 
was determined spectrophotometrically at 423 nm using an 
extinction coefficient of s = 187 mM. The rabbit carbon-
monoxy hemoglobin concentration was approximated using 
s = 764 mM for its absorption at 419 nm. 
Instrumental: The nmr spectrometers which were used 
were described in Part I. 10 mm sample tubes were used 
on all spectrometers except the XL-100-15, which requires 
12 mm nmr tubes. For the high field measurements, the 
digital line broadening used was greater than the digital 
resolution of the spectrum in order to improve the signal-
to-noise ratio of the myoglobin spectra at 90.5 MHz, and 
the rabbit hemoglobin spectrum at 45.28. 
!
1 
Measurements: Spin-lattice (T1 ) relaxation measure-
. t t• 7 I 11 ments were made using progress1ve sa ura 1on. n a 
36 
* cases the limitation that T2 << T1 was satisfied. The 
delay times (T) were varied randomly so as to eliminate 
systematic errors. T1 values were calculated using a 
8 non-linear least squares program to fit the equation 
Viscosities and Densities: Viscosities of solutions 
were determined by the method described by Shoemaker et 




As described previously, 19 the overall rate of spin-
lattice relaxation is given by eq. 1: 
:1 l l l l l 
T + T + -T--- + -T--- + T-




where the subscripts are defined in Part I. For most 
( 1) 
macromolecular systems (including myoglobins and hemoglobins), 
Tr' the rotational correlation time in solution, is on the 
order of 10-S sec. In this region, the dominant mechanism 




dipole-dipole (D-D) interaction. 1° For isotropic rotation 
in solution (a valid assumption for most proteins), 11 the 
12 dipolar relaxation rate is given by eq. 2: 
1 2 2y2 
T = Yx y
8 
n s(s + 1) 
1D-D 
x Y, {~ JO(w - w ) + _23 Jl(wx) + _43 J2(wx + ws)} 
i~l 12 X S 
where 
(2) 
Yx = magnetogyric ratio of the observed nucleus 
(13C) 
Ys = magnetogyric ratio of the relaxing nucleus 
(lH) 
~ = Planck's constant/2rr 
relaxing nucleus (s 
1 for lH) s = spin of the = 2 
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(24/15)(r.-6 )(w /(1 + (w - w ) 2 T 2 
1 r x s r 
(4/15)(r.-6 )(w /(1 + w 2 T 2 ) 
1 r x r 
= (16/15)(r.-6 )(w /(1 + (w + w ) 2 T 2 
1 r x s r 
r . 
l 
= distance between nucleus X (13C) 




= Larmor frequency of the observed 
nucleus (13C) 
w s = Larmor frequency of the relaxing 
nucleus (lH) 
Tr = rotational correlation time 
A similar expression describes spin-spin (T2 ) relaxation.
12 
Log-log relaxation plots for the dipolar mechanism are 
given in Figures la and lb. 
19 Because of the results obtained on model heme systems, 
Chemical Shift Anistropy (CSA) must be included when describ-
ing the overall rate of relaxation for 13co bound to hemo-
globins and myoglobins. So, for 13co coordinated to these 
proteins, eq. 1 becomes13 
1 1 = T 1D-D 
(3) 
Figure lc is a log-log plot generated from eq. 3. An inter-
esting phenomenon is revealed in this figure. For T r 
sec, the observed field dependence is like that for the 
39 
dipolar mechanism. 13 Thus, for CO bound to hemoglobins, 
the measured T1 will appear to be dominated by the dipolar 
mechanism, even if CSA is the dominant relaxation mechanism. 
For 13co coordinated to myoglobins, T is on the order of 
r 
5 x 10-9 sec, so the T
1 
that is observed should show a 
CSA-like field dependence. However, in all cases the 
linewidth will have a frequency dependence characteristic 
of the CSA mechanism (see Figure ld). 
40 
Figure 1 
Calculated log-log plots of spin-lattice relaxation 
(T1 ) and linewidth for 
13co: (a) T1 calculated 
using eq. 2 and reff = 2.0 ~; (b) linewidth calculated 
using an equation similar to eq. 2 and reff = 2.0 ~; 12 
0 
(c) T1 calculated using eq. 3 with reff = 2.1 A and 
~a = 276 ppm; (d) linewidth calculated using an 
0 
expression similar to eq. 3 and reff = 2.1 A and 
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RESULTS AND DISCUSSION 
Figure 2 is a copy of the T1 data obtained by Moon
1 
of 13co bound to human hemoglobin. As can be seen by 
this figure, the T1 's exhibit a dipolar field dependence. 
Moon fit these data using eq. 2 and obtained an effective 
proton-carbon distance (reff) of 1.77 + 0.05 ~ at 2.35 
0 
Tesla and 1.77 + 0.07 A at 1.41 Tesla. However, this ob-
servation was not supported by the NOE data, as the expected 
signal enhancement of 1.17 was not observed. This left 
many doubts concerning the analysis of the T1 data. However, 
if one assumes that there are two mechanisms contributing 
to the observed T1 , then these data can be explained, i.e., 
if the 13co is not being relaxed totally by the dipolar 
mechanism, then the NOE which is observed will only be a 
fraction of the expected signal enhancement. 
Equation 3 can be rewritten as 
(4) 
where H , the magnetic field strength, is now included as a 
0 
second variable. This can now be looked upon as a non-
linear function 
-6 n -6 ~ 2 
with parameters reff (=i~l ri ) and a . 
Thus, both sets of T1 
data (2.35 and 1.4 Tesla) can be fit 
to this equation using a non-linear least squares approach. 
Figure 3 shows the weighted non-linear least squares 





Dependence of 13co T1 's on hemoglobin concentration. 
The values were obtained for carbonmonoxy hemoglobin 
in 0.15 M NaCl, pH 6.9-7.0. The figure is from 










14 Plot of the data from Figure 2 along with 
theoretical curves generated using eq. 3 with 
0 
6cr = 194 ~ 37 ppm and reff = 1.81 + 0.02 A. 
The correlation times were obtained from ref. 1. 
47 
48 
obtained with this analysis (reff = 1.81 + 0.02 ~) is 
consistent with that estimated from the crystal structure 
of carbonmonoxy myoglobin. 15 The significance of the 
anisotropy which was obtained (~a = 194 + 37 ppm) will be 
discussed later. 
Confirmation of this interpretation was needed, however, 
as there still was no direct evidence that CSA was con-
tributing to the relaxation of the 13co. Table I summarizes 
the T1 and linewidth measurements of 
13co bound to myoglobin 
and the linewidth data for rabbit hemoglobin. Figure 4 
shows the frequency dependence of the linewidths of 13co 
bound to rabbit hemoglobin. The linewidth data for both 
proteins clearly show that CSA is contributing to the observed 
relaxation rates. Also, the myoglobin-13co T1 exhibits the 
postulated field dependence. 
The question now becomes what can T1 data reveal about 
the environment of 13co bound to these proteins? Both 
Satterlee et al4 ' 5 and Tucker et a1 16 have implicated an 
~nteraction between His-E7 and CO when it is bound to hemo-
globin. Satterlee et al4 believe that there is a nucleophilic 
interaction between the unprotonated nitrogen of the histi-
dine's imidazole ring and the carbon atom of the CO ligand 
(see Figure 5). Evidence for this has been inferred from the 
difference in the CO stretching frequency and absorption in-




Field dependence of the 13co resonances of carbon-
monoxy rabbit hemoglobin in 0.15 M NaCl: (a) 25.14 
MHz; (b) 45.28 MHz. Note the increase in line-







Postulated Lewis base interaction between the distal 
histidine (E7) and heme bound CO. The figure is 





Spin-Lattice Relaxation Times and Linewidth Measurements of 13co 
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28 + 3 






b ! 1 (sec) 







'V 30 'V 32 
a) rMb-l::iCO] = 1.1 mM, Tr = 4.1 .x l0-9 sec, [Hb-l3CO] ~ 2.4 II1M, T =--2~3-x lo-c:s sec 
at 3lOC. R~dii used for calculation of -rr: RMb = 16.2 ~,1 RHb = 24.2 ~,18 
RH20 = 1.5 A.;l 
b) errors are standard deviation obtained from non-linear curve fit; 
c) linewidths at 45.28, 50.3, and 90.5 MHz contain digital line broadening on 
the order of 6-10 Hz; 
d) because of the width of the 13co resonance, a more accurate determination of T1 was not possible. Using the available data, the non-linear curve fit gave 





~a should be a very sensitive indicator of the presence, 
absence, or extent of such a nucleophilic interaction. 
It gives a direct measure of the electronic environment 
and local symmetry of the carbon-13 nucleus in 13c=o. 17 
As local symmetry decreases (as would be the case for the 
type of interaction shown in Figure 5), ~a decreases. 17 
Such an effect is seen with the human hemoglobin data which 
indicates that the symmetry of 13co coordinated to the 
protein (~a = 194 ~ 37 ppm) is vastly different than that 
for 13co bound to 1-methylimidazole-protoheme IX dimethyl 
-ester (~a = 584 ! 132) 
In order to further examine this nucleophilic inter-
action, T1 studies have been carried out to measure ~a 
and reff for 13co bound to rabbit hemoglobin and to the 
monomeric hemoglobin from the marine annelid Glycera 
dibranchiata. The results- of these studies shall be discussed 
in Part III. 
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PART III 
Nuclear Magnetic Resonance Investigation of 
13co Binding to Heme Proteins: 
Structure and Function. 
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INTRODUCTION 
Much work has been presented in the literature1- 15 
regarding the interaction of the distal residues of hemo-
globins and myoglobins with heme-bound carbon monoxide. 
It is generally agreed that the distal residue E7 influ-
ences the CO affinity of these proteins, although the exact 
nature of the distal interaction with the heme-coordinated 
ligand has been subject to debate. 1- 12 Recent work with 
6 12 model systems ' has yielded conflicting results: One 
6 group has found that with a sterically constrained model 
heme, the CO affin~ty _ was lower than that for the same model 
without any steric hindrance, thus supporting a distal steric 
. t t· ·th th h k T 1 dB .. 12 1n erac 1on w1 e erne poe et; ray or an erz1n1s 
were able to mimic the reduced CO affinity with a model 
heme which was not sterically hindered. In neither case has 
a model system been constructed which would allow for the 
study of the proposed nucleophilic interaction between His-
E7 and the heme-coordinated C0. 3 ' 4 ,lO,ll Because of this 
and the conflicting results from the model studies, it be-
comes necessary to reexamine the protein-CO complex in 
such a way that one of the proposed distal interactions, 
the nucleophilic interaction, may be confirmed or rejected. 
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As described previously, 16 the anisotropy of the 
chemical shift tensor, 6o, can be obtained for heme-coordi-
13 nated CO through the measurement of spin-lattice relaxa-
tion times (T1 ) from the nuclear magnetic resonance (nmr) 
spectrum of 13co. 6o can be used to elucidate the nature 
of the interaction between the distal residue His-E7 and 
the heme-bound CO, as 6o is very sensitive to changes in 
the local electronic environment of the carbon nucleus. 17 
Thus, if the nucleophilic interaction exists, then ~here 
should be a dramatic difference in 6o for the heme-bound 
13co relative to 13co coordinated in a protein which lacks 
His-E7. In this regard, the T1 relaxation behavior of 
13co bound to New Zealand white rabbit hemoglobin (HbR), 
whic~ unlike human hemoglobin (HbA), has resolved resonances 
for 13co bound to the a and B chains, and to the monomeric 
hemoglobin from the marine annelid, Glycera dibranchiata 
(His-E7 -+ Leu, Hb-II), has been examined at three different 
magnetic field strengths (1.41, 2.35, and 4.7 Tesla). 
These experiments have yielded not only values for 6o that 
confirm the existence of the nucleophilic interaction within 
the heme pocket, but also, in the case of HbR, the 




Sample Preparation: Rabbit (New Zealand white) hemo-
globin samples were prepared from 50 cc of freshly drawn, 
citrated blood. The red cells were separated from the 
plasma by centrifugation at 2000 rpm for 30 minutes and 
washed three times with 0.15 M NaCl. The cells were then 
lysed with distilled water at 4°C, and the cell debris 
was removed by centrifugation at 15,000 rpm for one hour. 
The resulting hemoglobin was purified first with 0.1 M 
Tris (pH=8.l) using continuous flow high pressure ultra-
filtration (Amacon UM-10) for 24 hours at 4°C and then 
chromatographed on a Sephadex G~75 column equilibrated with 
0.1 M Tris (pH=8.l). The sample was then concentrated 
by ultrafiltration to the appropriate volume, usually 
10 ml, and degassed with nitrogen in a 30 cc syringe. 
Approximately 10 ml of 13co were then added to the syringe, 
after which the sample was injected into a sealed, degassed 
10, 12, or 18 mm nmr tube; each tube contained a n2o 
locking capillary. 
G. dibranchiata hemoglobin samples were prepared by 
allowing the coelimic fluid from freshly sacrificed 
worms to drain into a flask containing 0.5 M NaCl and 
0.5 M sodium citrate. The cells were separated from the 
plasma by centrifugation at 2000 rpm for 30 minutes and 
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washed three times with 0.5 M NaCl. The cells were then 
lysed with distilled water at 4°C and centrifuged at 
7000 rpm for 90 minutes and 13,000 rpm for 15 minutes. 
The dimer hemoglobin (Hb-I) was precipitated from the centri-
fuged solution by first adding ammonium sulfate to create 
a solution concentration of 1.2 M and letting the solu-
tion remain at 4°C for 16 hours. The solution was then 
centrifuged and more ammonium sulfate added, this time to 
a concentration of 3.2 M, for 24 hours. After centrifuga-
tion, the sample was dialyzed against 0.03 M NaH2Po4 
(pH ~ 7) for 24 hours and then concentrated to about 10 ml 
by ultrafiltration (Amacon UM-10) under 13co. The resulting 
solution was then chromatographed on a Sephadex G-75 
column (0.1 M Tris, pH=8.1). Only one band, the monomer 
eluted off the column. The remaining sample preparation 
was the same as that for the rabbit hemoglobin samples. 
The concentration of the carbonmonoxy rabbit hemoglobin 
samples was estimated spectrophotometrically using the 
absorption at 419 nm and an extinction coefficient at 
£ = 764 mM. The G. dibranchiata carbonmonoxy hemoglobin 
concentrations were determined using £ = 232 mM for the 
absorption at 422 nm. 
Instrumental: Carbon-13 nmr spectra were obtained 
with three different spectrometers. Low field measurements 
were made on a JEOL FX-60 spectrometer operating at 15.04 MHz. 
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Spectra at 25.14 MHz were obtained on a Varian XL-100-15 
spectrometer. The high field spectra were acquired with 
a Varian XL-200 spectrometer which has a carbon-13 resonant 
frequence of 50.3 MHz. Ten mm sample tubes were used on 
the FX-60, 12 mm tubes on the XL-100-15 and 18 mm tubes on 
the XL-200. The probe temperatures were in the range of 
28 + 3°C. 
I 1 Measurements~ Spin-lattice (T1 ) relaxation measure-
t d . . t t. 18 I 11 men s were rna e us1ng progress1ve sa ura 1on. n a 
cases the limitation that T2* << T1 was satisfied. The 
delay times (T) were varied randomly so as to eliminate 
systematic errors. T1 values were calculated using a non-
linear least squares program19 to fit the equation 
Viscosities and Densities: Viscosities of solutions 
20 were determined by the method of Shoemaker et al. 
Densities were measured with a 5 ml Weld pycnometer. These 
measurements were used in the determination by microviscosity 
21 theory of Tr for each solution. 
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THEORY 
Dioxygen Binding Curves: For all known oxygen carriers 
which contain heme prosthetic groups, the relative affinity 
for CO versus 0 2 is given by the partition coefficient M, 
which is defined by eq. 1: 22 
where 
M = 
p02 = pressure ! of o2 
pCO = pressure of CO 
(1) 
In most cases, M is greater than 1, as the formation of an 
23 Fe-CO bond is a very favorable process. For human hemo-
globin (HbA), M = 250. 14 This is a very reasonable number, 
if one takes into consideration both the amount of CO pro-
duced catabolically in the body, 5 , 24 , 25 and what would hap-
pen if M were larger. In order to examine this, the follow-
ing calculations were performed. 
Roughton and Darling26 studied the binding of CO to 
HbA and its effect on the Hb02 binding curve. They obtained 




= pressure of o2 with HbCO present 
= pressure of o2 with no HbCO present 
= fractional saturation of Hb with carbon 
monoxide 













L. = Adair constant for carbon monoxide 
1 
(i = 1,2,3,4) 
(3) 
Ki = Adair constant for dioxygen (i = 1,2,3,4) 
L. = M·K. 
1 1 
(4) 
Thus, given values for K1 , K2 , K3 , K4 , and M, eq. 2 can be 
used to generate dioxygen fractional saturation curves. 
A collection of these curves is shown in Figure 1. One ob-
servation which is noteworthy is that as M becomes larger 
than 500, both the cooperativity of the hemoglobin and the 
amount of available dioxygen binding sites decreases 
dramatically with increasing M. Therefore, M must remain 




Theoretical 0 2 saturation curves for Hb obtained 
using eq. 2. Adair constants used are K1 = 0.00949, 
K2 = 0.031, K3 = 0.019, K4 = 9.78 (pH= 7.4 2 mM 
DPG, 25°C), and L1 = M x 0.0238, L2 = M x 0.1, 
L3 = M x 0.13, L4 = M x 6.86 (pH= 7.4, 25°C).
28 
Units of Adair constants are mm Hg. Pco = 3 x 10-3 
H 24 mm g. [Hb] = 0.24 mM. 
0 0 
0 ~ 
0 ~ N 
~ ~ ~ 





















~l Relaxation with Internal Motion: As described 
. 1 16 h 1 . b h . f 13 0 d h prev1ous y, t e re axat1on e av1or o C boun to emo-
globin may be represented as a sum of the dipolar (D-D) 
and chemical shift anistropy (CSA) relaxation rates: 
1 1 + 1 
T 1csA 
(5) = 
If the 13co is undergoing internal rotation when bound to 
28 29 the protein, than eq. 5 may be expanded as follows: ' 
where 
1 1 2 2 V2 -6 
= 15 x y y '11 s(s+l)reff Fl 
X S 
Yx = magnetogyric ratio of the observed 
nucleus ( 13c) 
Ys = magnetogyric ratio of the relaxing 
nucleus ( 1H) 
( 6) 




r. = 1 




= 1 for 1H) 2 
distance between nucleus x ( 13c) and 
nucleus s. ( 1H) 
1 
J(w -w ) + 3J(w ) + 6J(w +w ) 
X S X X S 
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J(w) 2 2 = A-rr/(l+w Tr ) 2 2 + B-r 1 /(l+w Tl ) 
+ C-r 2 /(l+-r 
2 2 
w2 ) 
A 1 2 1)2 = -(3cos 8 -2 
B = 6cos28sin2e 
c = 3 . 48 2Sln -
Tr = rotational correlation time of the protein 
Tl = 1/(1/-rr + 1/-ri) 
~: 2 = 1/(1/Tr + 4/-ri) 
Ti = internal correlation 
reorients with Tr 
/\. 
time about an axis which 




Larmor frequency of the observed nucleus (13C) 
ws = Larmor frequency of the relaxing nucleus (lH) 
~a = anisotropy of the chemical shift tensor 
2 2 2 2 
F2 = Co-rr/(l+wx Tr ) + ClTl/(l+wx Tl ) 
I 2 2 + C2-r2 (l+wx T2 ) 
c = ~(3cos3 B - 1)2 
0 
cl = 6cos
2 Bsin2 B 
c2 = 3 . 4B 2 s1n 
B = angle between the internal rotation axis and 
and the principle chemical shift axis 
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For the heme-bound 13co, S represents the angle between the 
13co axis and the Fe-C bond, the only possible axis of 
rotation (Figure 2). 
Log-log relaxation plots calculated using eq. 6 are 
shown in Figures 3 and 4. It can be seen that for 
T >> T. and non-zero values of S and 8, T1 is independent r 1 
of Tr. If these angles are equal to zero, then internal 
motion cannot be detected, even though it may exist. 
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Figure 2 
13 Schematic representation of CO bound to hemo-
globin. The angle B and correlation time Ti 




(THIS PAGE IS BLANK, DUE TO ERROR IN PAGINATION) 
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Figure 3 
Calculated log-log plots of spin lattice relaxation 
(T1 ) for 
13co using eq. 6: (A) Dipolar contribu-
tion; (B) Chemical shift anisotropy contribution. 




a- 90.5 MHz 
b- 50.3 MHz 
c- 25.14 MHZ 
d -15.04 MHz 
-10.0 
a- 90.5 MHz 
b- 50.3 MHz 
c- 25.14 MHz 







6= 0. 75 rad 
r ef'f' = l. 8 R 
-8 
T. = 1 x 10 sec 
l. 
-8.0 
a= o. 75 
-8.0 
t:.a = 200 ppm 
-8 





Calculated log-log plot of the total spin-












a- 90.5 MHz 
b- 50.3 MHz 
c- 25.14 MHz 




0 = 0 rad 
a= o. 75 rad 
!1a = 200 ppm 
r eff = 1. 8 R -8 






RESULTS AND DISCUSSION 
13 Figures 5 through 7 show the T1 data for CO bound 
to HbR and Hb-II. In the case of both the a and S chains 
of HbR, it is clear that as Tr increases, T1 becomes con-
stant. This indicates the presence of internal motion for 
the 13co bound to HbR. For Hb-II, the correlation time 
region is such that, with or without internal motion, T1 
should not vary significantly with T . 
r 
In order to extract 
the various nmr parameters (~cr, reff' Ti' S, and 8), multi-
variable non-linear least squares methods have been used 




, the magnetic field strength, and Tr are the two 
variables, and ~cr, reff' Ti' S, and 8 are the parameters 
to be obtained from the data. Because of the periodic nature 
of S and 8, a three-dimensional surface with dimensions 
S, 8, and the weighted root mean square (rms) deviation 
for the least squares fit of the data was created. S and 
e were varied manually while the values for ~cr, reff' 
and T. were obtained from the least squares analysis; this 
1 
process continued until values for S and 8 were found which 
yielded a minimum rms deviation. The results of this data 
analysis are summarized in Table I. 
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Figure 5 
Plot of the T1 relaxation data for 
13co bound to 
the a-chain of New Zealand white rabbit hemoglobin. 
The theoretical curves were generated using 
0 
eq. 6 with 6.o = 162 + - 19, r eff = 1.82 + 0.05 A, 
























Plot of the T1 relaxation data for 
13co bound to 
the S-chain of New Zealand white rabbit hemoglobin. 
The theoretical curves were generated using eq. 6 
0 
with ~cr = 168 + 18, reff = 1.81 + 0.04 A, Ti = 
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Plot of the T1 relaxation data for 
13co bound to 
the monomeric hemoglobin from the marine annelid 
Glycera dibranchiata. The theoretical curves were 
generated using eq. 6 with 6a = 419 ~56, reff = 
0 













































Summary of Relaxation Parameters for 13co Hemoglobins 
Parameter HbR Hb-II HbAa --
a-chain ~-chain 
lllol (ppm) 162 + 19 168 + 18 419 + 56 194 + 37 - -
0 
reff (A) 1.82 + 0.05 1.81 + 0.04 1.83 + 0.1 1.81 + 0.02 
T i (nsec) 7.9 + 5.0 8.4 + 4.4 --- --- 00 
~ 
s 450 43° oo 
G oo oo oo 
a) Calculated using average T1 values for a- and S-bound 13CO. From reference 16. 
85 
As in the case of HbA, the values obtained for reff 
and 8 in both proteins are consistent with a "reservoir" 
effect, i.e., the dipolar relaxation is due to all of the 
protons in the heme pocket, not just a select few. This 
does not support the proposed hydrogen bond interaction 
between the NH proton of His-E7 and the 13co. 35 
The values obtained for 6a clearly show that, when 
histidine is the E7 residue, there is a large perturbation 
in the local electronic environment of the heme-coordinated 
13co. This is not true in the case of the Hb-II, which 
has a leucine residue in the E7 position. 
Listed in Table II are values of 6a for a variety of 
13 CO complexes. The only complex that has a 6a value 
which approaches those of 13co bound to HbA and HbR is one 
with a bridging 13co. This is the same kind of geometry 
expected in the protein when His-E7 interacts with the 
13co via a nucleophilic effect. On the other hand, 6a 
13 . 13 for Hb-II- CO 1s the same as 6a for Fe( C0) 5 and the 
model complex 1-methylimidazole-protoheme-IX-dimethyl 
ester-13co (l-Melm-PHDME-13co). Thus these observations 
support the existence of a nucleophilic interaction between 
the histidine nitrogen and the heme-coordinated 13co. 
The internal motion parameters T. and S give further 
1 
insight into the geometry of 13co when bound to HbR. 




13co Shielding Tensors and Anisotropies 
Compound a,, crJ. crAV a 1.~9."_ 1 Reference 
- --
HbR-13co 
a-chain 93 - 69 - 15 162 + 19 - This work 
S-chain 99 - 69 - 13 168 + 18 -
Hb-II-13co 267 -152 - 12 419 + 56 This work -
HbA-13co 116 - 78 - 13 194 + 37 16 00 - m 
13 1-Meim-PHDME- CO 377 -207 - 12 584 + 132 16 
13co 283 -123 + 12 406 + 30 32 -
Fe( 13co) 5 253 -155 - 19 408 + 41 33 -
0 0 
~ I3c 13c-®> p{ "-p~ a 277 -167 - 19 (444) 
''b / 34 c c b 11 -127 - 81 (138) 
0 0 
a) Chemical shifts are based on absolute scale, with crAv = 12 ~ 10 ppm for I3co.I7 
Positive crAv denotes upfield shift. 
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is essentially immobilized within the heme pocket. This 
compares with a Ti value of 0.4 nsec for the C-1 carbon 
of ethyl isocyanide when bound to HbA. 36 Clearly, it is 
not steric hindrance alone that causes the restriction o£the 
13co motion within the heme pocket. Figure 8 illustrates 
the orientation along with one of the contributing 
resonance structures, of 13co bound to HbR. The values 
obtained for S are in excellent agreement with those derived 
15 from the x-ray structure of carbonmonoxy-HbA. It should 
be noted that the present study cannot reveal whether or 
not the Fe-C bond is perpendicular to the heme plane. 
Table III summarizes some of the CO binding data from 
various studies. The correlation between M and ~a is what 
would be expected if the nucleophilic interaction were 
contributing to the reduced CO affinity in hemoglobins. 
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Figure 8 
Schematic representation of 13co bound to New 
Zealand white rabbit hemoglobin. S = a-chain 
45° S = 43°. Also shown is the most ' S-chain· 






Summary of Information for CO Binding to Hemoglobins 
HbA(ref.) HbR(ref.) Hb-II(ref.) HbZurich(ref.) 
Distal a His His His 
( 14) (14) Leu (37) (l) 
E7 s His His Arg 
M 250 (14) 102 (14) 20,000 (37) > 500 (l) 
C-0 stretch a 1951 1928 1952 tO 
(3) (3) 1970 (4) (l) 0 -1 (em ) s 1951 1951 1958 
13co chemical a 207.5 209.1 207.5 
( 16) (4) 206.2 (4) (8) 
shifts (ppm) s 207.1 207.1 < 207.1 
D.cr (ppm) a 162+19 -




The present investigation demonstrates how chemical 
shift anisotropy may be used to obtain structural informa-
tion about a particular chemical system. The applicability 
of this method to other problems should be fairly straight-
forward. It is hoped that these methods will prove useful 
in the future study of protein confirmation. 
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PART IV 
Carbon Nuclear Magnetic Resonance Studies of 
the Histidine Residue a-lytic Protease. 
A Reexamination at Higher Magnetic Field. 
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INTRODUCTION 
In catalysis by serine proteases, three residues, 
A 102 H" 57 d S 195 sp , 1s , an er , form a catalytic triad in which the 
hydroxyl group of the serine acts as a nucleophile to attack 
the carbonyl carbon of the scissile amide bond while the 
1-3 Asp-His diad stores the proton thus released. The 
question of the microscopic ionization behavior of the Asp 
and His residues has received attention, the primary focus 
being the degree to which the proton on N° 1 of His57 may be 
transferred to the carboxylate anion of Asp102 . A 13c study4 
of the enzyme, a-lytic protease, suggested that this transfer 
was complete, resulting in a neutral imidazole ring and a 
neutral carboxylic acid group; ir 8bservations5 and theoreti-
6-9 cal calculations supported this suggestion. In contrast, 
15 1 . 10-16 N and H stud1es and a structural determination by 
neutron diffraction17 show that the proton never leaves N° 1 
f H. 57 d" . 1 th d" d . t b 1 t . o 1s ; accor 1ng y, e 1a ex1s s as a car oxy a e an1on 
and imidazolium cation in the range pH 4-6.5. This suggests 
by analogy that, during catalysis, a proton likewise remains 
bonded to N° 1 of His57 and that the role of Asp
102 
is to 
stabilize this adjacent cationic center and also to maintain 
. t" 10 t t the imidazole ring in the proper or1enta 1on o ac as an 
efficient acceptor of the proton of the hydroxyl group of 
195 Ser as its oxygen adds across the carbonyl group of the 
amide to form the tetrahedral oxyanion. 3 In this regard, 
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proton inventory studies showing that two protons are con-
certedly involved during catalysis of appropriate sub~ 
18-21 . strates can be understood as represent1ng transfer 
of one proton to NE 2 of His57 and the formation of an ex-
ceptionally strong hydrogen bond between the carboxylate 
anion of Asp102 and N° 1 of the immidazolium cation of His57 . 20 
To understand the apparent discrepancy between the 
13 . 
C results and others, we have reexamined the nmr behavior 
of a-lytic protease enriched with 13c at C-2 of the imidazole 
ring of its single histidine residue (His57 ). The suggestion 
that this ring remains neutral at acid pH rested on the 
behavior of the coupling between the 13c nucleus and its 
1 attached hydrogen ( JCH). Examination of the nmr spectra 
at 25, 50 and 125 MHz reveals the presence of three forms 
of the enzyme at acid pH which are in slow exchange at 
125 MHz but in intermediate to fast exchange at 25 MHz; for 
all forms, the observed coupling constants suggest the 
presence of the protonated imidazolium cation form of 
H. 57 lS . 
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EXPERIMENTAL 
Materials: L-[2-13c]-histidine was synthesized by 
the method of Hunkapiller et al.; starting with L-2,5-
diamino-4-ketovaleric acid dihydrochloride and K13cN (pur-
chased from Prochem, 90.6% 13c, lot 43 X 80). Yield from 
5.0g of K13cN was 4.2g of L-[2-13c]-histidine. The 1H and 
13
c nmr spectra in n2o were consistent with L-histidine 
enriched 90.6% with 13c at C-2. 
New Myxobacter 495 cultures were procured from 
Dr. E. A. Peterson of Agriculture Canada, Research Branch. 
The basic growth procedure was that of Hunkapiller et al. , 4 
with a modified culture medium designed to reduce incorpora-
tion of unlabeled histidine into the protein and also dilu-
tion of the 13c label into nonspecific protein sites. 
The bacteria were grown initially on slopes (1% agar, 
0.2% Difco tryptone) for 36-48 hours prior to transfer to 
shake cultures. The shake cultures (first 100 ml in 300 ml 
flasks, then 1£ in 2.8£ flasks) consisted of the following 
synthetic medium: L-amino acids (mg/~): Ala-120; Asp-200; 
Arg-120; Asn-120; Gln-200; Gly-100; Ile-150; Lys-200; Leu-250; 
Met-100; Phe-75; Pro-250; Ser-150; Thr-100; Tyr-50; Val-130; 







-500; Fe2 (S04 ) 3-15; ZnS04 ·7H20-15; 
MnSO ·H 0-2· Monosodium L-Glutamate (20 g/£) was added as the 
4 2 , 
primary nitrogen source. Sucrose (10 gf£, autoclaved sepa-
100 
rately) was used as the major carbon source. The above 
amino acid mixture is designed to simulate the composition 
of histidine-free casamino acids (casein hydrolysate). 
Hence, no unlabeled histidine was introduced into the medium. 
All media were made up in distilled water, and the final pH 
was adjusted to 7.1-7.2. The growth temperature was main-
tained at 27-29°C. 
L-[2-13c]-histidine (100 mgjt) was added to each 
100 ml culture initially. These cultures were grown ~or 
three days and then transferred to the lt cultures of the 
same synthetic medium containing 50 mgjt of labeled histidine. 
1 ml of a 2.5% (wfw) sterile solution of labeled histidine 
was added at 24-hour intervals to the lt cultures for five 
days. After this time, the bacteria were harvested; a-lytic 
protease activity was ~ 200 mgft at this point. Activity 
was assayed versus the synthetic substrate N-ac-L-ala-L-pro-
L-ala p-nitroanilide18 in 0.1 M KCl, 0.05 M Tris-hydroxy-
methylaminomethane·HCl, pH 8.75, 25°C. 
Isolation and purification of the enzyme was performed 
as per the method of Hunkapiller et al. ,
4 
with three minor 
modifications. 200 ml of Amberlite CG-50, pH 4.95, 0.1 M 
Na-acetate (settled bed volume) was added to the combined 
bacteria-free media, instead of 100 ml. Absorption of the 
enzyme onto this resin was continued for two days, rather th~n 
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one. Also, the final elution step required 0.50 M Na-
citrate buffer, pH 6.40, rather than 0.27 M Na-citrate, 
pH 6.20. These changes were necessary due to some modifica-
tion in the properties of the presently available CG-50 resin 
over that used in the previous isolations. The enzyme was 
chromatographed on CG-50 twice; fractions containing a-lytic 
protease were dialyzed three times versus 0.1 M KCl and 
three times versus distilled water, and lyophilized. Yield 
was about 600 mg of enzyme from six liters of culture. 
All materials were prepared by Robert Kaiser. 
NMR Samples: NMR samples were made by dissolving the 
desired amount of protein in 2.0 ml of 0.2 M KCl (90% 
double-distilled water-10% n2o [v/v] and carefully adjusting 
the pH with 1 N KOH or 1 N HCl.· The pH was measured using 
a combination electrode22 before and after each run; agree-
ment was + 0.05 pH units. Protein concentration in each 
sample was checked by determining both the absorbance at 
-5 lcm 23 280 nm ([E] = 5.16 x 10 x A280 , and by monitoring the 
hydrolysis of N-ac-L-ala-L-pro-L-ala p-nitroanilide at 
410 nm (5.0 x 10-4 M in 0.1 M KCl, 0.05 M Tris·HCl, pH 8.75 
These two methods agreed to within + 2% and were 
~ 5% .with respect to added mass of protein. Comparison of 
our nmr spectra with representative spectra done by 
4 d 13c h" t"d" . h t of Hunkapiller et al. showe a - 1s 1 1ne enr1c men 
65-75% and little nonspecific enrichment. 
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NMR Spectra: 13c nmr spectra were taken on three dif-
ferent spectrometers. Low field measurements were done on 
a Varian XL-100-15 operating at 25.14 MHz. 200 MHz data 
were performed on a Nicolet NT-200. The high field spectra 
were obtained on a Bruker WM-500 spectrometer. Sample tubes 
were 10, 12, and 20 mm in diameter, depending on the 
spectrometer used. The linewidths were determined by sub-
tracting the line broadening applied to the FID (free induc-
tion decay) from the resulting transformed spectrum. Chemi-
cal shifts are reported relative to the arginine guanidinium 
carbons which resonate at 157.25 ppm downfield from tetra-




Figure 1 shows the coupled and decoupled 13c nmr 
spectra for a-lytic protease at pH 5.1. As can be seen, 
the resonances corresponding to the C-2 carbon of the histi-
dine ring are clearly discernible above the unenriched 
protein carbon resonances. The observed coupling constant 
4 
at this pH is 214 Hz, not 205 Hz as previously reported, 
indicating that the imidazole ring is protonated at pH 5.1. 
However, if the coupling constant is measured using the 
4 method of Hunkapiller et al. by taking twice the difference 
between the downfield resonance of the proton-coupled C-2 
doublet and the decoupled C-2 resonance, a value of 206 Hz 
is obtained. This discrepancy between the observed coupling 
constant (from the coupled spectrum) and the calculated 
coupling constant will be discussed later. 
Figure 2 shows the proton-coupled spectrum of a-lytic 
protease at 125.76 MHz and pH 5.5. Two features appear at 
this frequency that are not seen at 25.14 MHz. First, a 
new doublet is seen centered at 135.54 ppm which has a coupling 
l constant JCH = 225 Hz. Also, the intensities of the two 
peaks assigned to the C-2 resonance are noticeably differ-
ent; this is also true at pH 8.1, and at pH 5.2 at 50.3 MHz. 
As the pH is lowered from 5.5 to 4.8, a third 
doublet, slightly upfield of the other two doublets and 




~) 25.14 MHz proton-decoupled C nmr spectrum 
of a-lytic protease in 10% n2o: 7.5 mM enzyme, 
0 0.2 M KCl, 32 C, pH= 5.1. 144,000 transients were 
taken with an acquisition time of 0.15 sec, 5 KHz 
spectral width, and a 90° pulse of 90 ~sec. A 
line broadening of 3 Hz was used. The FID was 
zero-filled to 8K data points. 
Q) Proton-coupled spectrum of (a). Probe tempera-
ture was 26°C. 169,000 transients were taken using 
parameters in (a). 
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A 
t------- C567 Hz -----•· 
t--214 Hz----1 




13 125.76 MHz proton-coupled C nmr spectrum of 
a-lytic protease in 1~% n2o: 3.2 mM enzyme, 
0.2 M KCl, 25°C pH= 5.5. 37,660 transients were 
taken with an acquisition time of 0.52 sec, 31.25 
KHz spectral width, and a 23° pulse of 30 ~sec. 














doublet disappears as the pH is raised to 5.5 (Figure 3C). 
The intensity of the downfield doublet does not change 
significantly at pH = 4.8 if the sample has not been at 
high pH first. When the sample is taken up to pH 8.1 
(Figure 3D) and then brought down to pH 4.8, the spectrum 
E in Figure 3 is obtained. Raising the pH of this sample 
to 5.5 yields a spectrum similar to the previous 5.5 spectra, 
except that the intensity of the downfield doublet is 
greater (Figure 3F). 
A summary of the titration data for the enzyme at 
125.76 MHz is given in Figure 3. The nmr parameters 




13 125.76 MHz proton-coupled C nmr spectra of a-
lytic protease in 10% n2o at 25.0°. 
A) Sample from Figure 2, pH 5.5, 37,660 
transients, 20 Hz line broadening. 
B) 2.0 mM protein in 0.2 M KCl. The pH 
was adjusted to 4.8 after initially 
having been at 5.5 during a prior 
spectrum. 7,600 transients, 20Hz 
line broadening. Other parameters 
same as in Figure 2. 
C) Same sample as in (B). The pH was 
adjusted to 5.5 after having been at 
4.8. 12,080 transients, 20 Hz line 
broadening. 
D) Same sample as in (A). pH 8.1, 8,630 
transients, 20 Hz line broadening. 
E) Same sample as in (D)' pH 4.8, 6,140 
transients, 20 Hz line broadening. 
The lower trace is resolution-enhanced. 
F) Same sample as in (B). The pH was ad-
justed to 5.5 after having been at 8.1. 











NMR Parameters for C-2 Carbon in Histidine Residue of a-Lytic Protease. 

























a) Chemical shifts are~ 0.10 ppm at 25.14 and 50.3 MHz, and+ 0.05 ppm 
at 125.76 MHz. The shifts are relative to TMS = 0.00 pm. b) -lJC H values 
are~ 3Hz. c) v1 ; 2 values are~ 10%. d) lH- decoupled. e) lH --coupled. 
f) Sample in this case was 20 ml of 1.8 mM enzyme in 0.2 M KCl, 10% n
2
o, 






For a-lytic protease at pH 5.5, the coupling constant 
1JCH observed for C-2 of the imidazole ring of His57 and 
its attached hydrogen are 218 Hz at 50.3 MHz and 221 Hz at 
215.76 MHz; these values indicate a protonated imidazole4 , 26 
d . h h 15 1 . 10-15 . an agree w1t t e N and H nmr observat1ons on a-lytle 
protease and other serine proteases. 
The 13c spectra of a-lytic protease at 125.76 MHz 
at pH 5.5 show two 13c signals from the s~ngle histidine in-
dicating two forms of the enzyme which are·in slow exchange 
relative to the nmr time scale at this field. At lower 
fields these forms appear to be in fast to intermediate ex-
change. For both signals, 1JCH is that characteristic of 
a protonated histidine24 (at o = 134.47 ppm, 1JCH = 221; 
1 at o = 135.54 ppm, JCH = 225). Both signals appear to have 
about equal linewidths (30-40 Hz) which suggest that in 
neither case does the imidazole ring freely rotate in solu-
tion, as such a residue has a much narrower line <~ 12 Hz). 4 
A reservation in this conclusion is that, if the exchange 
rate is on the borderline between slow and intermediate, the 
observed linewidth could reflect not only the mobility of 
the residue but could also be broadened by virtue of the ex-
change process itself. We cannot presently dissect the con-
tributions of these two processes. 
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At pH 4.8, a third pair of resonances occurs at 
134.34 ppm which likewise has a 1JCH characteristic of 
a protonated imidazole. The overlap of these resonances 
with the resonances centered at 8 = 134.5 ppm is what 
causes the difference in intensities observed for the up-
field doublet at pH 5.5 and 8.1. The changes with pH in the 
nmr spectra are reversible if the sample has not been at 
high pH; by raising and then lowering the pH, the rela-
tive amount of the downfield species increases (Figures 
3E and 3F), although the chemical shifts are the same as 
in spectra 3A through 3C. The resulting pH 8.1 
spectra for all samples are identical to that of spec-
trum D in Figure 3. After nmr observation, the enzyme 
still retains 96 + 5% of its original catalytic activity. 
Th f t h t d .ff f f H. 
57 b d e ac t a 1 erent orms o 1s are o serve 
in the 13c nmr experiment at low pH is consistent with 
previous 1H nmr spectra of chymotrypsinogen and 
chymotrypsin. 25 The low pH spectrum of chymotrypsinogen 
showed two broad peaks at 8 = 18.06 and 13.06 ppm which 
were assigned to the N81 proton of His57 ; the chymotrypsin 
spectrum exhibited only the resonance at 8 = 18.06 ppm. 
In both cases, the 8 = 18.06 ppm resonance possesses 
fractional intensity, i.e., the sum of the areas of the 
8 = 18.06 and 13.06 ppm peaks corresponds to one proton 
in the chymotrypsinogen spectrum, whereas the upfield peak 
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is exchange broadened in the chymotrypsin spectrum. These re-
sults were interpreted as representing the same proton in dif-
ferent, exchanging conformational states. 25 It was suggested 
that the two resonances might represent the di££erent £ormso£ 
Hl. s 57 1· n the t · 26 I h · pro e1n as postulated by Matthews et al. n t e1r 
"flip-flop" model, the N° 1 proton is bound alternatively to 
the 0° 1 and 0° 2 oxygens of Asp102 . 
We now know that there are multiple forms of His57 
at low pH whose C~2 resonances are in slow exchange at 
125.76 MHz. However, at 25.14 MHz, most of the resonances 
are unobservable due to their being in intermediate to fast 
exchange. Furthermore, the exchange rate is a sensitive 
function of temperature. 
4 In the Hunkapiller et al. experi-
ment, the sample temperature was li:Kely to oe higher during 
the acquisition of decoupled spectra, a result of dielectric 
heating, than during the acquisition ot ~coupl~d spectra, 
even though cooling air was ued to maintain a nearly con-
stant probe temperature. The result of this is depicted 
in Figure 1. Due to the higher temperature during decoupling, 
the decoupled resonance corresponding to C-2 has been shifted 
slightly downfield from the coupled chemical shift position 
because of the increase in the exchange rate. Thus, the mea-
sured difference between the coupled downfield peak and the 
decoupled resonance is less than the actual difference; this 
results in the calculation of an artifactually small coupling 
constant. 
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The low specific enrichment of the protein used in 
the previous work4 precluded accurate direct measurement 
of the coupling constant. Use of a difference program to 
subtract out native, unenriched carbon resonances from 
the enriched resonances also led to substantial errors in 
measuring the coupling constant due to difficulties in 
the phasing of the resonances in the histidine region. 
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CONCLUSION 
The present study shows that His57 of the catalytic 
triad of a-lytic does become protonated with a pKa of 6.7 
as measured by 13c nmr. Moreover, it reveals the presence 
of multiple forms of the enzyme at acidic pH which may 
account for some of the reports regarding the low field 1H 
resonance at 17-18 ppm in a-lytic protease. 4 ,l4 ,l6 , 25 
Lastly, recent findings particularly using proton 
inventory techniques, reveal differences in catalytic behavior 
of serine proteases as a function of the substrate; larger, 
more physiological substrates manifest aspects of catalysis 
not observed with smaller substrates. 18 , 20 Accordingly, the 
nmr results on the ionization behavior of the catalytic 
residues of the free enzyme should, with appropriate caution, 
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A General Method for Performing 
Magnetization Transfer Experiments. 
121 
INTRODUCTION 
One of the major contributions of nuclear magnetic 
resonance (nmr) spectroscopy has been to the study of dynamic 
molecular processes in solution. In the present chapter, 
the two site exchange case will be examined, i.e. 
B (1) 
where kA and kB are rate constants for sites A and B. 
When such a system is close to the intermediate rate of ex-
change (on the nmr time scale), line shape analysis can be 
used to extract the rate constants~ For spectra that are 
undergoing slow exchange, magnetization transfer2 and its 
pulse analog3 ' 4 , 10 have been used to determine rate constants 
for a variety of systems. However, in the case of magnetiza-
tion transfer, all previous analyses have been performed 
assuming equal populations for the two sites because of the 
mathematical simplifications involved. A method will be 
presented which allows for the determination of rate con-
stants for two unequally populated sites. 
One problem associated with the pulse magnetization 
transfer experiment is in the application of the initial 
selective n pulse to one of the two resonances in exchange. 
Because of the way this pulse has been generated in the past, 
i.e., a long, low power pulse, the experiment has been limited 
122 
primarily to proton observation, with the decoupler provid-
ing the selective pulse; observation of other nuclei has 
involved extensive hardware modification. A scheme for 
circumventing this problem for other nuclei will be given, 





nickel (II) 0PPh3 ) 3Ni~) was prepared by Ott as 
described previously. 5 
31 NMR measurements; P spectra were obtained with a 
JEOL FX-90Q spectrometer equipped with a PG-200 pulse 
programmer. Inversion recovery6 was used for the determina-
tion of T1 . 
Calculations: Analysis of eq. 11 to obtain rate con-
stants from the nmr data was carried out on a Commodore PET 
microcomputer using a non-linear least squares program 
(see Appendix). Pulse simulations using eq. 13-15 were also 
done on the PET (see Appendix). 
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THEORY 
Exchange: For the two site exchange system, the 
Bloch equations are7 
dMA 
MBk MAk + M~/T1 
z 
~ = z B z lA A 
(2a) 
dMB 
MAk MBk + M~/T1 
z 
~ = z =A z lB B 
(2b) 
where 
i = A or B (3) 
Solving this system of linear differential equations yields2 
+ C2 [(k1 -A 2 )/kB]exp(-A2t) (4b) A 
where c1 and c2 are constants of integration, and 7 
Al 
1 1 )2 + k2P /P ]1/2 (5a) = 2(1/Tl +1/Tl +kB/PA) + [4(kl -kl 
A B A B B B A 
A2 
1 1 )2 + k2P /P ]1/2 (5b) = 2 (1/Tl +1/Tl +kB/PA) [4(kl -kl A B A B B B A 
P. - mole fraction of species i (PA + PB = 1) 
l. 





At t = 0, 
= L'lM 
00 
Rearranging eq. 9, 
Substituting eq. 10 into eq. 6 yields the desired result: 
It should be noted that eq. 11 reduces to the formalism 
obtained by Dahlquist et al~ if PA = PB (kA = kB) and 







By collecting a series of magnetization transfer data 
for different values of t (the time between the selective 
and sampling pulses) and fitting the data to eq. 11, the 
rate of exchange may be obtained. 
Selective Pulse: The transient solution of the Bloch 
equations following a short rf pulse is given by eqs. 
13-15: 8 
where 
M = M-cosa. z z (13) 
M 
X 
= (M~cos~wt + M;cosa.sin~wt + M~sina.si~~wt)exp(-t/T2 ) 
(14) 
a. - flip angle 
M~sin~wt)exp(-t/T2 ) 
(15) 
~w - frequency offset from the transmitter frequency 
M~ - magnetization components preceding the rf pulse 
1 
(i = x,y,z) 
9 As pointed out by Bodenhausen et al, a series of short, 
small flips of the magnetization will yield a selective pulse 
with maxima at n/d where n is an integer and d is the inter-
val between the short pulses. Figure 1 shows the effect 
of such a pulse train on the magnetization when a composite 
90° pulse is applied. 
The extension of this pulse sequence to magnetization 
transfer measurements is now obvious. By creating a com-
posite 180° pulse, the desired selective perturbation is 
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obtained. However, it is important that the peak which 
should not be affected is not "hit" by a harmonic as is 
shown in Figure 2. To avoid this problem, the time be-
tween pulses can be reduced, thus increasing the frequency 
difference between harmonics. This, in conjunction with 
the placement of the carrier on the peak to be flipped, 




Plot of MY and M
2 
vs frequency offset for a 
selective 90° pulse calculated using eqs. 13-15 
and the following · conditions: 19 pulses, 
a= 4.7°, t
0
n = 1 ~sec, tof£ = 2 msec, 







Plot of MY and Mz vs frequency offset for a 
selective 18b0 pulse calculated using 
eqs. 13-15 and the following conditions: 
0 39 pulses, a = 4.6 , t
0
n = 1 ~sec, 













Plot of My and M z vs frequency offset for a selec-
tive 1800 pulse calculated using eqs. 13-15 and 
the following conditions: 78 pulses, a. = 2.3°, 




RESULTS AND DISCUSSION 
The exchange process first studied using the general 
magnetization transfer equation (eq. ll) and a composite 
selective 180° pulse was the following: 
Figure 4 shows the 31P spectra of this system at -90°C after 
a selective 180° pulse has been applied to free PPh3 . As 
can be seen, inversion is complete for the free ~Ph3 and, 
as T increases, magnetization is transferred between the two 
sites. Table I summarizes the exchange rates obtained for this 
system using magnetization transfer at two temperatures. Also 
given in the table are the results from lineshape analysis. As 
can be seen, the two methods are in good agreement at -8ooc, but 
only in moderate agreement at -9ooc·. This is because the spectrum 
at -900C is in very slow exchange on the nmr time scale 
(~v = 1195 Hz), so large errors are introduced when k is deter-
mined via lineshape analysis; the magnetization transfer experi-
ment does not suffer from this problem. 
The general nature of this method makes it possible 
to look at exchanging systems with unequal populations for 
the two sites. One example would be the study of hapten 
binding dynamics with antibodies. Previous work carried 
out by Kooistra et al4 used eq. 12 to study the interac-
tions of 19F labelled nitrophenyl haptens with the mouse 
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Figure 4 
31P magnetization transfer spectra of tripheny1 
phosphine (B) and tris(tripheny1phosphine)tetra-
methylene-nickel (II) (A) at -9ooc. The selec-
tive pulse sequence used was [(2.3° pulse - 50 ~sec 
delay) 78 - T - 90° pulse-acquisition-pulse delay]n. 
Peak B was positioned in the middle of the spectrum 
so that it was inverted selectively. T1 = 1.34 sec, A 
T1 = 1.32 sec, PA = 0.46, PB = 0.54. Peak C B 
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Summary of Exchange Data for Tris(triphenylphosphine)tetramethylene-nickel (II) 
From Magnetization Transfer From Lineshape Analysisc 
0 
kA k a kb kA kB kb Temp ( C) B -
-80 51 + 4 44 + 3 95 + 7 59 51 110 -
-90 5.5 + 0.5 4.7 + 0.4 10 + 1 3.8 3.3 7.1 
a) obtained using eq. 11. PA = 0.46; Ps = 0.54; A = (PPh3 )N\:J B :: PPh3 
b) k = kAkB(l/kA + 1/kB). 





plasmacytoma antibody MOPC-315. Because of the constrict-
ing nature of eq. 12, they were limited to working with 
solutions which had 50% bound and 50% free hapten. By 
using eq. 11, the rates of exchange for the haptens could 
be obtained for a variety of protein:hapten population 
ratios. Such an experiment might yield further information 
into the binding dynamics of haptens, especially in the 
realm of slow exchange where lineshape analysis is not 
reliable. 
The method described here is very general and could 
be applied to any nmr-observable system undergoing chemical 
exchange. The only requirements are access to a pulse 
programmer and a computer to perform the data analysis. 
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PART VI 
500.13 MHz 1H Nuclear Magnetic Resonance 
Investigation of Substrate Binding 
to Horse Liver Alcohol Dehydrogenase. 
141 
INTRODUCTION 
Alcohol dehydrogenases constitute a family of enzymes 
which catalyze an oxidation-reduction reaction involving an 
alcohol which undergoes a two electron oxidation to an alde-
hyde, and nicotinamide adenine dinucleotide (NAD+) which is 
concomitantly reduced by two electrons to NADH. 1 In this 
process a hydrogen atom is transferred from the alcohol to 
the NAD+; 2 the hydrogen acquired by NAD+ in its conversion 
to NADH is the same hydrogen as that removed from carbon-1 
of the alcohol in its oxidation to aldehyde. 
RCH20H 
+ NAD+ LADH RCHO + NADH + H+ (1) 
One of the most widely studied enzymes of this family 
is horse liver alcohol dehydrogenase (EC 1.1.1.13 (LADH)). 
Loewus et al2 showed that the reaction is stereospecific; 
subsequent research has revealed the structural character-
4-11 istics of the enzyme and of the ways the substrates, 
alcohol and NAD+, interact with the enzyme and each other 
. 12-18 during catalys1s. 
Stereospecific studies have dealt with either 
12 13 . 14 15 crystal ' or solut1on ' complexes of LADH with substrate 
analogs, as well as with metal-substituted LADHlB-lS ( the 
two identical subunits of LADH each contain two Zn atoms1 ). 
These studies have yielded conflicting results concerning 
the nature of the binding of alcohol to the protein and 
thus its probable orientation relative to NAD+ within the 
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active site. . 12 13 The crystal structure of the native prote1n ' 
and the nuclear magnetic resonance (nmr) work of Boccalon 
et a1~ 7 with the Co(II) substituted enzyme indicate that 
the alcohol is bound directly to the active site Zn through 
16 the hydroxyl oxygen of the substrate. However, Sloan et al. 
18 and Drysdale et al, also working with the Co(II) enzyme, 
have concluded that the substrate is bound to the Zn through 
a bridging water molecule. In either case the chiral nature 
of the interaction of substrate with NAD+ has not been 
observed directly. The present investigation is an attempt 
to examine this problem. 
Proton nmr spectra have been obtained at 500.13 MHz of 
the interactions of the R,S mixture of CD3CHDOD with LADH 
in the presence and absence of excess NADH at various enzyme/ 
substrate concentrations. The results yield information 
not only about the binding constant for the ethanol-(NADH-
LADH) complex, but also about the local environmental dif-
ferences for the R and S protons when the alcohol is bound 
to the protein. 
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EXPERIMENTAL 
Chemicals: NADH and ethanol free LADH from Sigma were 
used without further purification. All samples were pre-
pared in 0.1 M phosphate buffer in n2 o (pD = 7.0) containing 
1.0 mM sodium 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) 
as both a chemical shift and concentration reference. 
Ethanol was added to the 5 mm nmr sample tubes using a 10 ~i 
Hamilton syringe. 
CD3CHDOD Synthesis: Dry diglyme (50 ml, dried over 
CaH2 and distilled) was cooled to -5°C in an ice/methanol 
bath and 2.20g of NaBH4 were then added. The system was 
purged with N2 gas, and kept dry by means of a drying tube 
containing Drierite. Five g of CD 3CDO (Merck, 99 atom% D) 
in 10 ml of cold diglyme were added dropwise to the NaBH4-
diglyme suspension while maintaining the temperature at 
less than 10°C. When the addition was complete, the solution 
was allowed to warm to room temperature overnight. Ten ml 
of D2o were then added slowly, after which the mixture was 
stirred for half an hour at which time another 10 ml of 
D2o were added. The mixture was then stirred for two hours, 
during which time a white gelatinous precipitate formed. 
The solution was filtered, and the filtrate was distilled 
below 90°C. The distillate was extracted several times with 
CDC1 3 to remove diglyme. 
1H nmr analysis in D20: broad 
(v 1 = 7 Hz) multiplet at 8 = 3.610 + 0.001 ppm downfield from 
2 -
DSS. The concentration of the resulting ethanol/D20 solution 
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was 2.24 ~ as determined by integration of an nmr sample con-
taining a known amount of DSS. 
NMR Measurements: Proton nmr spectra were acquired 
with the Southern California Regional NMR Facility's Bruker 
WM-500 nmr spectrometer operating at a proton frequency of 
500.13 MHz. For most of the spectra no line broadening 
was used as the signal to noise ratio was excellent. 
Gaussian-Lorentzian resolution enhancement was used when 
needed. 
Calculations: In order to obtain both the bindi:g.g 
constant KI and the chemical shift, 0bound' for CD3CHDOD 
bound to LADH, the method of G.ammon et al. 19 used was 
with some modification. For LADH, there are two identical, 
non-cooperative subunits that make up the protein. Con-
sequently, the concentration of binding sites is twice that 
of the actual enzyme concentration. The system can be 
described by eq. 2 : 
where 
and [E] = 2 x [LADH] 
EI ~ E + I 
[ E l [ I l 
[EI l 
(2) 
. •t 4,20 Since the ethanol is in fast exchange with the act1ve s1 e, 
the observed chemical shift is given by19 
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(8 -8 ) 
8 = 8 + 
obs free 
bound free 
X ~El t + [ !] t +KI 
where 
- /([E]t+[I]t+KI)2- 4[E]t[I]t 
2 
[I]t = [I] + [EI] 




Rather than use the iterative procedure of Gammon et a1. 19 
to obtain K
1 
and (o -o ) we decided to fit the bound free ' 
enzyme/substrate concentration data to eq. 4 using non-linear 
least squares methods. The program used for this is listed 
in the Appendix. The parameters which were fit were ofree' 
abound' and K1 . This procedure was found to be significantly 
faster than the method of Gammon et al. 
146 
THEORY 
The observed chemical shift is given by eq. 7, as the 
exchange of ethanol with LADH is very fast on the nmr time-
scale:4,20,2l 
0 = p 0 + p 0 obs free free bound bound (7) 
where Pfree and pbound are the mole fractions of the ethanol 
free and bound. If one assumes that the R and S protons of 
CD3CHDOD have different . chemical shifts when bound to the 
protein, eq. 7 becomes 
0R = Pfree 0free + Pbound 0boundR 
0S = Pfree 0free + Pbound 0boundS 
(Sa) 
(8b) 
Thus, the observed chemical shifts for the R and S protons 
at C-1 can differ if ob d and o are different and 
oun R bounds 
if Pbound is sufficiently large. 
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RESULTS AND DISCUSSION 
Figure la is the 500.13 MHz proton nmr spectrum of 
CD3CHDOD in D20. The singlet at o = 3.610 ppm downfield 
from DSS is a septet of triplets, the splittings being a 
result of two and three bond H-D couplings within the molecule. 
In the presence of two-fold excess NADH the chemical shift 
of the ethanol C-1 proton did not change (Figure lb). How-
ever, addition of LADH to this sample resulted in an upfield 
shift and splitting of the alcohol resonance into two peaks 
of equal area at 3.572 and 3.588 ppm (Figure lc). No change 
in chemical shift was observed in a NADH-free solution 
(oCD CHDOD = 3.611 ppm). Both of these observations can be 
3 
compared with previous results obtained by Hollis while 
monitoring the CH3 triplet of CH3CH20H.
4 In a solution of 
LADH-CH3CH20H he observed no change in chemical shift 
or linewidth, while in a yeast ADH (YADH)-NAD+-CH3CH20H 
solution he observed a slig~t change in linewidth for the 
methyl group. He did not report the chemical shift of a 
LADH-NADH-CH3CH20H solution. 
The two resonances in the LADH-NADH solution could 
represent the R and S protons of the CD 3CHDOD experiencing 
different chemical shift environments when bound to the 
protein, but addition of more CD 3CHDOD to the sample led 
to both peaks moving downfield in such a way that the sepa-
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Figure 1 
500.13 MHz proton nmr spectra. A) 2 mM CD3CHDOD 
and 1.0 mM DSS in 0.1 ~phosphate in n2o (pD = 
7.0). B) Sample (A) plus two-fold excess NADH. 







ration between them remained constant which was not consis-
tent with eq. 8. Spin-lattice (T1 ) relaxation measurements 
showed that the T1 for the downfield peak was shorter than 
that for the upfield peak; this is consistent with the down-
field resonance representing the species cn3cH20D which 
was presumably produced catalytically by the LADH and trace 
quantities of oxidized NADH (NAD+). In order to confirm 
this interpretation, Gaussian-Lorentzian resolution enhance-
ment was applied to the spectrum. The result of this, 
Figure 2, clearly shows that the downfield peak exhibits 
the correct splitting pattern for the C-1 protons of 
CD3CH20D. 
Table I summarizes the results of the ethanol-LADH and 
ethanol-LADH-NADH proton spectra. Also given are the binding 
constants, KI, and the bound Ghemical shifts obtained for 
the substrates using eq. 4. The values for KI calculated 
from the nmr data are in excellent agreement with KI ob-
tained from kinetics measurements. 9 
The chemical shifts of the R and S protons of CD 3CHDOD 
could not be resolved in the presence of LADH and NADH. 
These observations set an upper limit on the maximum pos-
sible chemical shift difference for the two protons when 
the substrate is bound to the protein. From the data analysis 
using eq. 4, a value of 2.79 + 0.08 ppm was obtained for the 
bound chemical shift of the R and S methylene protons of 
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Figure 2 
500.13 MHz proton nmr spectrum of CD3CHDOD with 
2J cn3cH20D produced catalytically by LADH. 
1.6 Hz, 3JHD = 1.0 Hz. Gaussian-Lorentzian 
HD 








Summary of ethanol-LADH-NADH NMR Parametersa 
Species 0free(ppm)b 0 d(ppm)b K1(mM)b{40e) 0LADH 
c d 
boun K1(mM) 
3.612 + 0.001 2.79 + 0.08 34 + 4 3.611 4.6 -CD 3CHDOD 
3.629 + 0.001 2.80 + 0.05 33 + 2 ....... - c.n 
CD3CH20D 
c..v 
a) All chemical shifts relative to internal 1.0 mM DSS in 0.1 M phosphate, 
pD = 7.0; observed shifts are + 0.001 ppm. 
b) Obtained using non-linear least squares analysis of eq. 4. 
c) Chemical shift of 1.5 mM CD 3CHDOD and 0.4 mM LADH (0.8 mM in binding sites). 
d) K1 for LADH-CH CH OH complex (from ref. 9). e) Kr for LADH-NAnH-eH3cH20H complex (from ref. 9). 
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CD3CHDOD and 2.80 + 0.05 ppm for CD 3CH20D. If one uses the 
errors associated with these values as a measure of the dif-
ference in chemical shift between the R and S protons when 
the ethanol is bound, the bound chemical shifts could differ 
by 0.16 ppm in the case of cn3CHDOD and 0.10 ppm for 
CD 3CH20D. 
The difference in bound chemical shifts for the R and 
S protons can be estimated in another way. The value for K1 
obtained from the non-linear analysis of eq. 4 and the mini-
mum nmr-observable concentration of CD 3CHDOD relative to 
the LADH concentration can be used together with eq. 8 to 
obtain a value for lob d - ob d 1. For [ethanol] = 2 mM oun R oun S 
and [LADH] = 0.9 mM, eq. 4 yields 
OR = 0.95 X ofree + 0.05 X oboundR 
os = o.95 x of + o.o5 x ob d ree oun S 
The smallest observable chemical shift difference which could 
be observed for the C-1 proton resonance at 500.13 MHz 
should be greater than 1 Hz (0.002 ppm). Setting loR- osl = 
0.002 ppm and solving for lo - o j boundR bounds ' 
This chemical shift difference is in agreement with the error 
limit analysis described above; both analyses are consistent 
with the proposed orientation for ethanol within the LADH 
binding site. 16 , 22 The ethanol binding in the presence of 
NADH is depicted in Figure 3. 
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Figure 3 
Proposed orientation of ethanol when bound to LADH 
in the presence of NADH. The structure is for 
the Co(II) enzyme. 16 The RandS labels are given 
for the appropriate stereo isomer of CD 3CHDOD. 
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Future experiments wh~ch might allow for the spectral 
resolution of the chemical shift difference of the R and 
S protons should be directed towards using NADH analogs 
to lower the binding constant of the ethanol. This would 
increase the amount of ethanol bound to LADH and thus en-
able detection of separate resonances for the R and S C-1 
protons if this difference is on the order of 0.005 ppm 
and the lines have not become excessively broad. 
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Elucidation of the Structure of Crosslinked 
Verapamil using 500.13 MHz 1H 
Nuclear Magnetic Resonance Spectroscopy. 
161 
INTRODUCTION 
The chemical verapamil (l) has been shown to be 
a member of a class of drugs known as calcium channel 
l 2 blockers. ' As such, it inhibits transmembrane ca2+ 
influx in smooth and cardiac muscle causing immediate 
positive effects on cardiac arrhythmias, 3 as well as 
being extremely effective in the treatment of acute and 
chronic hypertension. 4 Recently, Herndier, 5 in studies 
with isolated rat peritoneal mast cells, observed that 
verapamil at low doses (20 ~g/ml) behaved as a calcium 
ion antagonist while at doses approximately ten times 
greater mediated the release of vasoactive amines, hista-
mine, and serotonin, consistent with calcium ion mobi-
lizing activity. This latter discovery suggests that 
the regulation of Ca2 + metabolism by verapamil is more 
complex than originally proposed. In his study he found 
that formaldehyde crosslinked verapamil (a putative dimer 
as determined by molecular weight sizing) was 30-fold 
more effective in releasing serotonin than the ~anomer. 
In order to elucidate the possible interactions of vera-
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pamil and polymerized verapamil with mast cells and deter-
mine the structural parameters of calcium ion antagonism 
and mobilization, structural and conformational studies 
of the monomer and putative dimer were performed. 
The proton nuclear magnetic resonance (nmr) spectra 
for both verapamil and crosslinked verapamil have been ob-
tained at 500.13 MHz. These spectra have been used to de-
fine a structure for the predominant crosslinked species. 
In addition, these data, as well as high temperature, 
200 MHz nmr spectra, reveal that the monomeric verapamil 
exists in a preferred, rigid conformation. 
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EXPERIMENTAL 
Chemicals: Verapamil was a gift from the Knoll 
Pharmaceutical Company, Whippany, New Jersey. The cross-
linked verapamil was prepared by Herndier. 5 The nmr samples 
were prepared by adding either verapamil or crosslinked 
verapamil to 0.6 ml of either n2o or d6 -DMSO in a 5 mm 
nmr tube. 2,2-Dimethyl-2-silapentane-5-sulfonate (DSS) 
was added to the monomer sample as a chemical shift refer-
ence. 
NMR Measurements: Proton nmr spectra were acquired 
with the Southern California Regional NMR Facility's 
Bruker WM-500 nmr spectrometer which has a proton resonant 
frequency of 500.13 MHz. High temperature spectra were 
obtained on a Varian XL-200. No line broadening or resolu-
tion enhancement of the free induction decay (FID) was done 
unless otherwise indicated. 7 Inversion recovery was used 
to obtain the relative spin-lattice (T1 ) relaxation times 
for the crosslinked verapamil. 
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RESULTS AND DISCUSSION 
Verapamil 
The 500.13 MHz proton nmr spectrum and peak 
assignments for verapamil in n2o are shown in Figure 1. 
Table I summarizes the results from homonuclear decoupling 
experiments, as well as the integrals for each resonance. 
The magnetic nonequivalence observed for the two protons on 
each of the three methylene groups b, c, · and g must be due 
to conformational rather than configurational differences, 
as decoupling one of the protons has an effect on the other 
(i.e., decoupling b affects b'). This would not be the 
case if the sets of peaks represented two different configu-
rational isomers in solution. 
Spectral observation at 200 MHz and 90°C revealed that 
the b, c, and g protons do not coalesce. This result in-
dicates that the aliphatic chain which these protons are 
associated with is extremely rigid, whereas, as revealed at 
lower temperature and higher field, the 3,4-dimethoxybenzyl 
group attached to the nitrogen seems to be mobile. Such a 
result is not surprising, as the isopropyl, 3,4-dimethoxy-
phenyl, and cyano groups create a tremendous steric barrier 
to rotation for not only the aliphatic chain but also for 
the isopropyl methyl groups. In all cases, the magnetic 
nonequivalence observed is primarily a result of the ring 
current associated with the 3,4-dimethoxyphenyl group. 
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Figure 1 
500.13 MHz proton magrietic resonance spectrum 




NMR Data for Verapamil 
Resonance Decoupling a Integr~tion b 
Reference 
for Assignment 
a d 3 8 
a' d 3 8 
b b' ,c,c' ,g,g' 1 
b' b,c,c' ,g,g' 1 - ~ m 
b,b' ,c' 1 8 
"l 
c 
c' b 'b' ,c 1 8 
d a, a' 1 8 
e - 3 9 
f h I) lQ,ll ~ 
g b,b' ,g' 1 9 
g' b,b' ,g 1 9 
h f '1 11 LJ 
i - 12 12 
1 - 6 
a) the resonances listed are those that are affected by decoupling the resonance in the 
first column. b) normalized. 
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Crosslinked Verapamil 
Figure 2 shows the 500.13 MHz proton nmr spectrum 
of crosslinked verapamil in n2o. Also given is the proposed 
structure which is consistent with homonuclear decoupling, 
T1 , and integration measurements. The decoupling and integra-
tion data are summarized in Table II. 
Finding the methylene bridge resonance was considered 
to be the most important peak assignment, as it would reveal 
not only whether or not more than one species of dimer existed, 
but also the presence of any dimer species in solution 
(molecular sizing data5 was used to infer the existence of 
a dimer species). However, the resonance was believed to be 
under the -OCH3 envelope. In order to find this methylene, 
a T1 measurement was carried out at 500.13 MHz. The inver-
sion recovery spectrum for T = 0.5 sec is shown in Figure 3. 
The positive resonance is due to the methylene bridge protons, 
while the negative peaks are due to the o-methoxy groups. 
This clearly shows that the bridging methylene protons have 
a shorter T1 than the methoxy protons which is consistent 
with the presence of an immobilized -CH2- and freely rota-
ting -CH3 groups.
14 The fact that the methylene peak is 
a singlet and, from the fully rel~xed spectrum has an inte-
gration value corresponding to two protons, indicates that 
the major polymerized species is a dimer, thus supporting 
the previous molecular sizing data. 5 
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Figure 2 
500.13 MHz proton magnetic resonance spectrum 


















NMR Data for Crosslinked Verapamil 
Decoupling a Integration 
d, 6 
d 6 
b' ,c,c' ,g 2 
b,c,c' ,g 2 
b,b' ,c' 2 



























Expansion of the inversion recovery proton 
nmr spectrum of crosslinked verapamil. 
The positive peak is the methylene bridge 





The asymmetric nature of the dimer is inferred from 
the loss of symmetry for the downfield isopropyl methyl 
groups. Figure 4 shows the coupled and decoupled spectra 
for these resonances. If the dimer were symmetric, then 
the downfield methyl resonance would be a clean doublet; 
in fact it is two overlapping doublets which yield an 
apparen~ triplet. Irradiation of the CH isopropyl reso-
nance leaves one peak for the upfield methyls and two 
for the downfield methyls (Figure 4B) thus confirming the 
assignment of the downfield resonances. These observations, 
in conjunction with the detection of two N-CH3 resonances 
(e) and a loss of symmetry for resonances b, support the 
existence of an asymmetric structure for the crosslinked 
verapamil. 
The relative order of reactivity of o-dimethoxybenzene 
to electrophilic substitution (para > ortho) and steric 
effects due to the bulky isopropyl and cyano groups (ortho > 
para) 15 were considered in the determination of the posi-
tion of the methylene bridge. 
In order to detect the amount of terminal benzyl 
alcohol groups (a result of incomplete reaction with 
formaldehyde) the nmr spectrum of the crosslinked verapamil 
was obtained in d6 -DMSO. As shown in Figure 5, two 
resonances are visible at o ~ 4.4 and o ~ 4.7 ppm. These 
12 
correspond to the methylene benzyl protons for the para 
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Figure 4 
Expansion of the isopropyl methyl region 
of the proton nmr spectrum of crosslinked 
verapamil: (a) coupled; (b) decoupled 








Expansion of the downfield region of the proton 
nmr spectrum of crosslinked verapamil in ct6 -DMSO. 
The methylene bridge resonance is at the right 
end of the spectrum. The inverted peak at o ~ 









16 and ortho resonances, respectively. Their total concen-
tration in the sample is estimated to be less than 10% 
as determined from the integrals of the two peaks. Thus, 
the predominant species has the structure shown in Figure 2. 
The spectrum of the crosslinked species was obtained 
at 90°C on an XL-200. As with verapamil, the resonances 
of the crosslinked species also showed little change with 
temperature, indicating a similar, rigid conformation for 
the molecule. 
In conclusion, it has been shown that the predominant 
crosslinked verapamil species is an asymmetric dimer and, 
like verapamil, exists in a rigid conformation. To fur-
ther characterize the actions of these drugs on living 
systems, a future effort should include the study of the 
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APPENDIX 
Listings of Computer Programs. 
The following programs are written in 
Microsoft BASIC for a Commodore PET microcomputer. 
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10 F..'£!'1 NON-LINEAR LEAST SQUARES PROGF.:AM FOR FITTING RELAXATION DATA 
15 PF.: I ~n" :1" = POKE5946:=:. 12 = C$=.. .. 




4~:1 H~F'UT 11 IIO 'r'OU HAVE POINTS TO ADD TO STORED DATA .. ; A$ 
45 IFA$()'"r'ES"THEt·~55 
5(1 I t..fPUT II HOl~ MAt·N PO I NTS AF:E TO FE ADDED II; AP : GOT060 
55 H~PUT"DO 'T'OU HA'·:'E STORED DATA"_; A$ : IFA$(Y''r'ES"GOT085 
60 OF'EN1 =INPUT#1,N0 =INPUT#1,M0 : INPUT#l , N 
65 DI MAO::t..f0) .. E:<tK1, t-40), 0(N0 .• N0) .. X<Me .. N+AP) ~ Y<N+AP>, S<N+AP), C<NI3), TB< 1 5) .. D1t>1II<t·m> 
70 FORI=1TON=FORK=1TOM0 
75 INPUT#1.XCK,J):NEXTK=INPUT#l,YCI>=INPUT#l,S<I>=NEXTI 
80 CLOSE1 =GOT0480 
~::5 I t·~PUT II t-~ur·n::ER OF PARAt1ETERS" ; NO 
90 I t·~PUT II NUt·1BEF.: OF VARIABLES II; t10 
95 ItH1AOK1) 
10(1 FOF.: I= 1 TON0 
105 F'F.: I NT II GUESS FOR PARAf'1ETER II ; I; 
110 INPUTA(I) =NEXTI 
11 5 I t·4PUT II NUM!:ER OF MEASUF.:EMENTS .. ; N 
120 DIMXCM0,N> , YCN),S(N),Q(N0,N0),BCN0~Ne>~C<N0>,DCN0>,TB<15) 
125 FORJ=1TOM0 =FORI=1TON 
13(1 PF.: I NT II X ( II _; .._T; II I II ; I ; II ) II ; : I NPUTX ( J" I) 
1 35 t-.4E:=-~T I : NE:x:T J 
14~3 FORI=lTON 
14 5 F' R I NT II 'I ( II ; I j II ) I s ( II ; I ; II ) M ; : I NPUTY ( I ) I s ( I ) : s ( I ) = 11 ( s ( I ) *S ( I ) ) : t-4EXT I 
150 I t·~PUT 11 DO 'r'OU l~ANT TO STORE THESE DATA 11 _; B$ : I FB$<:)" 'r'ES 11 THEN 185 
155 OPEN 1 .. 1~ 1 
160 F'RINT#l ~ NO = PRINT#l.M0=PRINT#1~N 
165 FORI=1TON =FORK=1TOM0 
17(1 F'F.:HH#L::<<K~ I> =NEXTK=PRINTILY(l) =PRINTILSCI) =NEXTI 
1 75 CLO::;E 1 
1:::(1 FOF.:K1 =. 1 TO-rr/2STEP. 02: A4=K1: FORLl=. 1 TO-rr/2STEP. 02: A5=L1 
185 PRINT =PRINT=S1=0 
190 S=0 
1 o:.c; Go:::UB615 
200 GOSUB580 
205 FOF.:I=l TON 
21 (1 ;JOSUB:330 
2 ~ 5 F 1 =Ft·1F <I) 
22~) '/=F1-'r'(J) 
225 S=S+V*V*S<I> 
230 FOF.:J= 1 T1:it·K1 
235 A<J >=A ( J)*E2 
24(1 GOSUB58(1 
245 GOSUP.:=:30 



















~:45 OPENS .. 4 : CMD5 : PRINT: PRINT 
350 PF.:HH 11 FINAL PARA. STD.DE'·/." =PRINT 
:~:55 F•:'R I= 1 TCtt~e 
~:60 F'F.:IHTA( I)_; C$; C$; FNE<O< I J I)) : NEXT I 
365 F'RINT =PRINT"STD.DEV.="S 
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370 F'F: I NT : PRINT : PRINT" I XOBS FIELD ·~oFS ~y•cqLC RES I IIUAL ". 








$ 0<<2 .. l )))); 
415 F'RINTiy'( I >SPCC:9-LEN<STR$(1y'( I)>) >F; SPC< 11-LEN<STR$(F)) >R1 
420 t·~E:=<TI 
425 PF.:INT : PF.:INT"R. M.S. DEV. ="; SQR(B9/CN-N0) > 
4:::~-=-t PF.:ItiT : PF.:IHT"COF~RELATION OF F'ARA~1ETERS": PRINT 
435 FORI=2TON0 = K=I-1=FORJ=1TOK=PRINTI;J;C$;S*S*O<IJJ)?CFNE<O<IJI>>*FNE<O<J~J))) 
440 NEXTJ : tiE:~T I 
445 PRINT=PRINT#S=CLOSES 
450 HE>::TL 1 J K 1 
455 PF.:INT"DO '~OU WANT TO PLOT THESE DATA'';: INPUTA$: IFA$(~"1y'ES"THEN470 
460 GOSU:E:8?5 
465 GETA$: IFA$=" "THEN465 
470 INPUT"!n) ly'OU ~.JANT TO RUN l.JITH THIS DATA AGAIN"; A$: A$=LEFT$CA$, 2> 
475 IFA:f.= .. NO"THENSTOP 
480 PRINT" DO 'r'OU l.JANT TO DELETE POINTS .. ; : INPUTA$: IFA$() 11 YES"THEN540 
4E:5 INPUT"HOl.J f·1ANY POINTS DO 'r'OU WAHT TO DELETE"; D3 
49(t F'F.:INT"l·JHICH" ;I13; 11 POINTS ARE TO .BE IlELETED--LffST FIRST AND FIRST LAST"; 
495 FORI=1TOD3 




520 FORK= 1 TOf·13 
525 X<K,J-l)=XCK,J) 
530 ~~EXTK : NE~<T J 
535 t·~=N-1 : tiEXT I 
540 INPUT"DO 'r'OU l~ANT TO A!ID POINTS"; A$: A$=LEFT$CA$ .. 3): IFA$0"YES"THEN565 
545 INPUT"HOl~ MA~W POINTS DO YOU l•JANT TO ADD" .;D5 
550 FORI=N+l TON+DS; FORK=l TOt10 = F'RINT"X( II; K; If .. II; I; II) II; : INPUTX<K .. I) : NEXTK 
555 PRINT .. Y<";I;") .. S< .. ;I; .. )";:INPUTY<I> .. S<I>=S<I>=l/<S<I>*S<I>> =NEXTI 
560 H=N+D5 
565 FORI=1 TON0 : PRINT"GUESS FOR PARAMETER"_; I; 
570 I NPUTA < I ) : NE~-<T I 
575 GOT0150 




6(1(1 A2=A ( 2) 
605 Al=A ( l) 
61 ~) F.~ETUF.:N 
615 FOF.:I=l TON0 
62ft FO~:J=l TON0 
625 B<I..J) =O 
63~3 t·~E::<TJ 
635 C( !)=0 
640 ~4E?=:TI 
645 F.:ETUR~~ 
650 FORI=! TON~3 
655 FORJ=lTONO 
66£t 0( I .. J)=O 
665 NE:~T...T 
670 0( L I >=1 









720 B <J~ K>:=B < I ~ K> 
725 B( L K)=S5 
7::30 85:=0( J .• K) 
735 Q(J,K>=O<I , Kl 
74€1 0( LK):=S5 
745 NEXTK 



















840 C0=.25*<3*<COS<A4>12>-1>1'2*X<1 .. I)/(1+V2*<X<1,I>*X<2,J))t2) 
845 C1=3*<COS<A4>*SIN<A4 ) )12*Tl/(l+V2*<T1*X<2.~I))'f2) 
850 C2=.75*<SIN<A4>t4)*T2/(l+V2*<T2*X<2.~I>>~2) 
855 CS=<<A1*X<2 .~ !))t2HEV2*<C0+C1+C2)/7.5E4 
860 D0=1/( 1 +Vl*<X< L I >*X<2 .. I>) 1"2)+3/( 1 +V2*0« L I >*X<2, I)) 1'2) 
865 DD=36*X<l,I>*<D0+6/(l+V3*<X<1,I)*X<2,J))f'2))/(A2t6> 
870 RETURN 
875 GOSU:.E: 1000 : PRINT" :J11 : G3= 1 : FORL= 1 TON 
880 X=X< L L> : Y=Y<L> =GOSUB910 
885 NEXTL : G3=0 : I =0 
890 X<2 , 0)=1.4 = GOSUP.895 = X<2.~0)=2.35 : GOSUP.895 : X(2,0)=4.7 
895 PR r NT"~ ••••••" _; x < 2"' e > = FORL=XL +. 025TOXBSTEPss 
900 X=L = X < 1.~0>=X = GOSUP.830 = Y=FNF<0) 
9€15 GOSUB910: NEXTL :RETURN 
91 e xs;~=79*X.IXB 
915 YS%=49* < 'r'B-'T') /'T'B 
920 XC%=XSt-!/2 : YU·~=.,.'St-!/2 
925 Q=YL%*49+XC%+32768 
930 I ~~=XS~·!AND 1 
9:35 J;·!=<YS%+1 )AND! 
940 KX=<J%+1 >*<1%*3+1) 
945 IFG3=1THEN995 







985 POKEQ .. F'T~! 
990 RETU~:N 
995 POKEQ ~ 87 = RETURH 
1000 RESTORE =XL=0 =XB=l =SS=.025 =YL=0 :YB=2 
1005 FORI=0T015 =READTB <I> =NEXTI =RETLIRN 
1010 DATA 32 ~ 123 , 126~97 .~ 108~98,127,252,124,255~226.~236J225J254.~251,160 
l(n) F:Et·l E:LOCH EQUATIONS: TF.:ANSIENT SOU~. 
110 DIMTB< 15) : C$=" II : FORI=f1T015: READTB< I) 
185 
! 20 ItATA32 .. 123 .. 126 .. 97 .. 10:3 ~ 98, 127. 252. 124 ~ 255 ~ 226. 2:36, 225. 254. 25 L 160 
130 NEXTI =DIMX< 88).Y(80),2(80) : DEFFNI(Q)=.001*INT<1000*Q+.5) 
140 FF:HH":XIO 'r'OU HH'•/E STOF~Eil DATA";: INF'UTA$: IFA$::"NO"THEN240 
15(1 OF'Et-~ 1 
! ::•) I r-~PUT#l .· H1 : INPUT#! .. N: INF'UT#l. T8 : INPUT#l.· Tl: INPUT#l.· T2: INPUTil ~ Al : FORI=f1T088 
170 !~ !~·'_! T#l, ><< J) : NE:=<TI : FORI=~3T080 : H~PUTILY( I): NE:x:TI : FOF~I=0T080 : INPUTIL 2< I) 
: ·=~ ::~ r-~ E:=< T I : CLO~::E 1 
19(1 F'F:: HT II :'l:IFF~3ET MR::-:; 1 NUM = "H 1/ ( 11*2) j "HZ" 
200 PRlNT''NUMPEF: OF PULSES ="N:PRINT"EVOLUTION PERIOD ="T0~1E-3 ; "MSEC" 
:21(~ PF.:IHT"TOTAL F'UL·=;E A~K•U::: ="F~·H <Al*t-4*180 . ..-' fT) _; "!IEGF.:EES" 
~20 PF:HH"T1 ="Tl; "SEC" =PRINT"T2 ="T2; "SEC" =PRINT : PRINT : IFQl=1THENRETURN 
.2?0 130T04:::0 
24(1 FFdt-4T 11 :JH~PUT !IE ~:;l~:ED PULSE ANGLE (!rEGREES) _. 913 -puLSE (USEC). TOTAL t-4Ut·l~:ER 11 
250 PP I NT II OF PULSES·' E'·/OLUTION PERIOD BET~JEEN PULSES C!'1SEC), MftXH1Ut1 OFFSET ( 
HZ) .. . : 
260 PRINT"J AND T1 AND T2 (SEC)"; = INPUTA1JP2.N,T0.H1.T1JT2=Al=Al*~/(N*l80) 
270 P2=P2*1E-6 =TP=2*Al*P2/rr=C1=COS<Al>=Sl=SINCA1) :H1=2*rr*Hl=K=0 : TO=T0*1E-3 
28(1 PF:l t·H" :~ll!l:IFFSET <HZ) "TA~:( 15) 11 MX"TAB<24) 11 MY 11 TAJ::(33) "t12 11 . 
290 F'~:INT" "TAB< 15) "-"TAB<24) "-"TAB(33) 11 ---:.l" 
300 FORD1=0TOH1+1STEPH1/80 
31 (1 :=<0=ft: 'i~J=f1: 20=1: C2=COS<Dl*TP>: C3=COS<T0*I'1): S2=SIN<D1 *TP) : S3=SH4CD1*T0) 
320 IFBt<>"YE"THEN340 
3:~:0 >0::0=:=< ( K) : 'r'O='T' ( K > : 20=2 ( K) 
340 FORI=1TON =IFB$= .. YE 11 THEN400 
350 :=O::< K)=( :=<O*C2+'r'0*C1 *S2+ZO*S1*S2>*E>~P( -TP/T2> 
360 Y(K)=(Y0*C1*C2-X0*S2+20*Sl*C2>*EXP<-TP/T2> 
370 Z<K>=Z0*C1-'T'0*S1 +1-EXP<-TP/T1) 
380 XO=X(K): Y0=Y<K> =Z0=Z(K) 
39~J I FB$= II YE II THEN440 
400 X<K>=<X0*C3+Y0*S3>*EXP<-T0/T2) 
41 (1 'r ( K > = ( 'r'~Zt*C3-:X:f1*S3) *E:X:P <-T0..-·'T2) 
420 Z<K>=Z0+1-EXP<-T0/T1) 
43(1 :=-:0=X(K) : 'r'0=Y<K) : Z0=Z<K>: NEXTI: IFB$= .. YE"THEN350 
440 PF:H~T.; .: .: FNI <Dl/( rr*2>) .: TAB< 13) .: FNI <X<K>); TAB<22) .: FNI <Y<K>) .: TAB<31); FNI <Z<K) > 
450 K=K+l: HE:=~TDl 
460 F'RINT":f!X~l[l(l 'T'OU WANT TO PLOT THE FREQUENCY DOMAINOF THE E>~CITRTION"; : INPUTA$ 
470 A$=LEFT$(A$J2> =IFA$= .. NO"THEN550 
48~J PF:INT":d·JHIC:H ONE J·JOULD 'T'OU LIKE TO PLOT: X. Y .. r- 2";: INPUTA$ 
4 90 A$=LEFT$ ( A$ .. 1) : IFA$C>"X"ORA$()"YJ'THENB1=3 
500 IFA$="X 11 THENF1=1 
510 IFA$="Y"THENB1=2 
520 GOSUP.780 
530 F'PINT"4.JOULD ~·ou LIKE TO PLOT ANOTHER VECTOR"; : INPUTA$: A$=LEFT$<A:f. 2) 
540 IFA$()"NO"THEN480 
55(1 PRINT" WOULD 'r'OU LIKE TO STORE THESE DATA"; : INPUTA$: A$=LEFT$(A$, 2>: IFA$=,.NO" 
THEN610 
560 OPEN1~t~1 = PRINTI1.H1 
570 PRINTI1,N =PRINT#1JT0=PRINT#1 .. T1 
580 PRINT#l.• T2 : PRHH#l J A1 : FORI=0T080 
590 PPINTI1JX<I>=NEXTI =FORI=0T080 =PRINT#1JY<I>=NEXTI 
600 FORI=0T080 =PRINT#1JZ<I>=NEXTI=CLOSE1 
610 PF.:H4T" :~OULD 'r'OU LIKE A LISTING OF THE DATA .. : INPUTA$ =A$=LEFT$(A$J2> 
6~0 IFA$="NO,.THEN710 
630 F'PINT":'J" : Q1=1=0PEN2.4=CMD2=GOSUB190 
640 PRINT,.OFFSET MX MY MZ"=PRINT 
650 FORI=0T080 =H$="":I$="":J$="" 
660 L$=STR$(FNI<Hl*I..-'(160*11'))):H=LEN<Lf):H=10-H=FORJ=1TOH=H$=H$+C$ =NEXTJ 
670 t·1$=STF.:$<FNI <X< I>>): H=LEN<M$): H=10-H: FORJ=1 TOH : l$=l$+C$: NEXT J 
6:::0 N$=STR$(FNI(Y(J))):H=LEN<NS>=H=10-H=FORJ=1TOH : J$=J$+C$=NEXTJ 
690 O$=STR$<FNI<Z<I>>> 
70~3 PRINTL$.: H$; M$; I$; N$; J$; 0$: NEXT I =PRINT#2. C$: CLOSE2 : Q1=0 
710 F'F: I NT" :u.JOULD ~·ou LIKE TO APPLY A NON-SELECTIVE 90 • PULSE TO THESE DATA" ; 
720 PRINT"IIIIII"; : INPUTB$: F$=LEFT$(B$. 2) : IFB$="NO"THEN770 
73£1 N=1 : TP=P2 : PRINT":.JIHPUT THE DELAY TH1E BETWEEN THE SELEC- TIVE PULSE AND THE .. _; 
740 F'F:It~T" 90 • PULSE <MSEC) .. : INPUTA$: T0=VAL(A$)*1E-3: C1=0: S1=1 : K=O : Al=rr/2 
186 
750 F'F.:ItH":JJ•lJFFSET <HZ> "TAB< 15) "M;x;"TAB<24) "M'T""TAB<33) "t1Z" 
?60 PF:HH" "TAB< 15) "-"TAP.<24) u-"TFtB<33) "--..J" : GOT0300 
7?0 END 
?E:G F'RINT"::"l": FORI=:32808T033697STEP48 : POKE I~ 93: POKEI+39~ 93 : NE:x:TI 
790 FORI=32769T032806=POKEI~64=POKEI+480J64 = POKEI+960~64 = NEXTI 
:.::(10 F'OK£33248 ~ 107 : POK£33287 ~ 115 : POK£32768 ~ 112 : POK£32887 ~ 11 e : POK£33767 ~ 125 : POKE3 
:3728,109 
810 >~L=-Hl *· 0375 : XB=Hl*l. 025: 'T'l=-1. 1: YB=1. 1 
:.::20 FOF.:I=OT0:3(1 : OH!:1GOSUB990~ 10aae~ 1018 
830 X=Hl*(I/80>=GOSUE870 
840 t·~E;:-:; T I 
850 GETR$ =IFA$=""THEN850 
:.::6(1 F.:ETURN 
870 XS%=79*<<X-XL>I<XB-XL>> =YS%=49*CCYB-Y>I<YB-YL>> 
8:::0 )<;C-~=>=:S:-·~/2 : 'T'L;-~='T'S~~/2 : Q='T'U~*48+XC%+32768 




93(1 FOR J=0 TO 15= IFL=TBCJ)THEN968 
940 NE)<T J 
J50 .J=O 
:..~60 ~~~:-~=K:-~ORJ 
970 PT;·~=TB OGO 
980 POKE Q~PT%=RETURN 
990 Y=X<I> =RETURN 
1000 Y=Y (J) : RETURN 
1010 Y=ZCI> =RETURN 
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1Oft [t1!1TB( 1.5) .. X( L 5@) ~ Y(5~n ~ Xl < L 50L Yl <50) 
105 FORI=0T015=READTB(J):NEXTI 
110 DATA32.· 123 .. 126~ 97 .. 108~ 98~ 127 ~ 252~ 124~ 255~ 226~ 236~ 225~ 254,251, 160 
115 DEFFNE(Q)=S*SQRCABS(Q)) 
120 E1=0.02=E2=El+1 =E3=1 
125 H~PUT II :"F.~ ATE OR T H1E II _; A$ ; I FA$= II R "ORA$:: II RATE" THENB8= 1 
l~A IFB8=1THENINPUT 11 T1A VALUE =";AS 
135 IFB8=1THENINPUT 11 T1B VALUE =";A9 




16(1 I t-4PUT ":1[1(1 YOU Hff'·lE STORED DATA II _;A$ ; I FA$(:> II YES II GOTO 180 
165 OPH~1 
170 INPUT#1 .. t~e: INPUT#1 ~Me: INPUT#1 ~ N: DH1ACN0 ) 
175 FORI=1TON = INPUT#1,XC1~I> = INPUT#1,YCI):NEXTI=CLOSE1=GOT0490 
1 c:0 PRINT 11 Nllt1E:ER OF PARAMETERS" ; : I t~PUTN0: D I ~1Ft ( Nf1) 
1 :=:5 p~~ I NT II NUME:ER OF VARIABLES II ; : I NPUTt10 
190 FORI=l TOt~0 
195 PR I t·H" GUESS FOR PARA~1ETER .. ; I; : I NPUTA ( I ) : NEXT I 
200 PRH~T"NUt·1BER OF MEASUREMENTS .. ;: INPUTN 
205 FORJ=1TOM0=FORI=1TON 
210 PF.:INT 11 t1EASUREMENT" ;TAB<12); I; "FOR VARIABLE"; TAB<30);J; 
215 It·~PUT ;:.:;( .J, I): ~~E:X:TI: NEXT J 
22(1 FORI=l TON : PR!NT 11 'r'( 11 ; I; 11 ) 11 ; : INPUTY( I): NEXT I 
225 PRINT II r•o You l~ANT TO STORE THESE DATA" ; = 1 NPUTBs = r FB$<) II YES II GOT024e 
230 OPENl~t~l=PRINTtl~Ne:PRINT#l,M0=PRINT#l,N 







270 F1 =FNF< D 











3J~1 FOF.:K= 1 TOJ 
3J5 B<J~K>=B<J~K>+D<J>*D<K> 
340 BCK~J>=B<J~K> 




365 Sl=S =GOSUB 590 
3?0 FORI=1TONO :FORJ=1TON0 
375 A<I>=A<I>-O<I.J>*C<J>*E3 
38~1 NE:=<TJ : t·lE:={:T I : GOT0245 
385 OPEN5.4=CMD5 :PRINT=PRINT 
390 PRINT 11 FINAL PARA. STD. DEV ... =PR INT 
~:95 FOF.:I=l T0~~0: PRINTA< I )SPC< 15-LEN<STR$(A( I>)) )Ft~E(O( I~ I)): NEXT I 
400 F'RINT :PRINT"STD. DEV.="S:PRINT 
405 PRINT ; PRINT II I :x:OBS 1T'OBS 1T'CALC RES I DUAL II : PRINT 
410 FORI=1TON =F=.001*INTC1000*FNF(I)+.5) 
415 R1=.001*INT(1000*<F-Y<I>>+.5> 
420 PRINTI;SPC<6-LENCSTR$CI>>>X<M0~I>SPC(8-LEN<STRS<XCM0.!))))Y(I)SPC<8-LEN<STR 
$ ( 'r' ( l))))_; 
425 PRINTF ; SPCC11-LEN(STR$(F)))R1=NEXTI 
430 F'RIHT : PF.:INT"CORRELATIOH OF PARA~1ETERS 11 : PRINT 
435 FORI=2TON0 =K=I-1 =FOR..J=1TOK 
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440 PRINT I; ,J.; S*S*O< I, J)/(FNE(O( I, I) )*FNE<O<J, J))): NEXTJ : N£::-:TI 
445 PRINT =PRINT#5=CLOSE5 
450 IFB8=1THENB9=1/A3 
455 IFB8=0THENB9=A3 
46£1 PF~HH: F'RINT 11 DO 'T'OU l·JAHT TO PLOT THESE DATA 11 _; 
465 INPUTA$ =A$=LEFT$(A$,3):IFAS<> 11 YES 11 THEN480 
470 GOSUB725 
4 75 GETA$ : I FA$= II II THEt·~4 75 
480 PRINT".OO YOU l.JANT TO RUN WITH THESE DATA AGAIN"; 
485 I NPUTA$ :A$ =LEFT$ (A$·' 2) : I FA$= II t-Kr II THEN910 
490 PRINT'"DO YOU WANT TO !IELETE POINTS"; 
495 INPUTA$=A$=LEFT$(A$,2):JFA$="NO"GOT0525 
500 PRINT II HOJol MANY PO I NTS !10 'T'OU ~.JANT TO IJELETE II : I NPUTD$ ; D3::\/AL ( D$) 
505 PRINT"WHICH" ;D3; "POHHS AF.:E TO BE DELETE!r--LAST FIRST AN!r FIRST LAST"; 
510 FORI=1TOD3 =INPUTD$ =D1=VAL(D$):IFD1=NGOT0520 
515 FORJ=D1+1 TON= 'T'<J-1 >=','(J): X< L J-1 )=X< L J) : NE~·a J 
520 N=N-1=NEXTI 
525 PRINT"DO YOU WANT TO ADD POINTS"; 
530 INPUTA$=A$=LEFT$(A$,2):JFA$= 11 NO"GOT0550 
5:35 PRINT"HOW MANY POINTS DO YOU WANT TO ADD"; =I NPUTD$ =DS=VAL (D$) 
540 PRINT"FIRST X, THEN 'T'" .; 
545 FORI=N+1TON+D5: INPUTX<L !), Y<I>: NEXT! =N=N+D5 







585 FORI=1 TONe: FORJ=1 TONe: B< I ,J)=0 : NEXT J: C< I )=0: NE:X:TI : RETURN 
590 FORI=1TON0 = FORJ=1TONe = O<I~J>=e=HEXTJ:O<I~I>=1=N~V.TI 
595 FORJ=1TON0 =FORI=.JTOHe 
600 IFB<J,J)()0GOT0620 
605 NE~<:TI 




























750 FORI=1TON =IFX<l,J))B9*5THEN760 
?55 GOSLIB790 
760 X1<1,l)=X<l~I> = Y1<I>=Y<I>=NEXTI 
765 G9=1 
770 FORI=0TOB9*5STEPB9~16:X(1,J)=I=Y<I>=FNF<X<1)l)):GOSUF790 = NEXTI 
775 FORI=lTON =X<l)I>=Xl<l , I> =Y<I>=YlCI) :NEXTI 
7:=:e PRINT .. ~~r~I!!I~!I!I~~r~r~I!!II!!II!!I~rl!!r~~r~l!.Illli!!Il!••••r·1A~< r MUM T="; B.9*5; "sEc" 
7:=:5 F.~ETI_IF.~ t~ 
790 XS%=l5.8*X(1 ~ I>/B9 
795 YS%=49* (B6-Y(J))/B7 
800 XC%=XS%/2 =YL%=YS%/2 
805 Q=YL%*40+XC%+32768 
::: 1 0 I ;-~=;:<;S;·~ANII1 
815 J%=(YS%+1) AND 1 
820 K%=(J%+1)*(I%*3+1) 
:.::25 ~::: =F'EEKCG! ) 
: ::~: [1 FORJ=(1TO 15 
:,:::,;:5 IFI<=TB<.J>THEH845 
·.::.:!0 ~~Ei<TJ : J=IJ 
:,::45 K~·;=I<:·;ORJ 
: :50 Pr·~=TB<K~·~) 
855 IFG9<>0THEN865 
860 POKEQ.87=RETURN 
·.:·65 G6=PEEK ( G!) : I FG6=87THENRETUF.:N 
870 POKEQ.PT% =RETURN 
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: :75 ::: EFJ::l~F r: Cn=Al +<A2-Al >*E:=<P< -;:.; ( 1 .. G!),.··'A3 >: RETUF.:N: RE1"1 T1 FUt-4CT I ON 
880 DEFFNC ( Q)=A4*(1-<A8+A3*PB/PA-(A8+A9+A3/PA>I2+B1)/A3) 
885 DEFFND(Q ) =A1+<A2-A1-FNCCQ))*EXP(-X(l,Q)*C<A8+A9+A3/PA)/2+B1>> 
2~0 DEF~NF (Q) =FND(Q ) +FNC(Q ) *EXP(-X(1,Q)*<<A8+A9+A3/PA>I2-B1)) 
:::?5 F:ETI_IF.J~ : RE,..l t·1AG. TPANS. FUt-4CT I ON 
.-, -, -:-. E: 1 ='3C!P 0:: < ( A3*PC/!='A+A8-A9) 1'2 ) ,..·'4+A3*A~:*PB/PA) 
::;c1=: F:;E'UF:t~ 
91 c1 Er·m 
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ABSTRACTS OF PROPOSITIONS 
Proposition I 
The I~asurement of the anisotropy of the chemical shift 
tensor for CO bound to solid human hemoglobin using sideband 
analysis of the cross polarization/magic angle spinning carbon-
13 nmr spectrum is proposed. 
Proposition II 
A study of the complexation of vanadium(III) within 
the vanadocytes of the ascidian Ascidiacea ceratodes using 
Resonance Raman spectroscopy is proposed. 
Proposition III 
The development of a combined gas chromatograph/ 
Fourier transform mass spectrometer/Fourier transform nmr 
spectrometer which uses an array processor to automate the 
identification of each gc fraction using pattern recognition 
is proposed. 
Proposition IV 
The application of mercury-199 nmr to the study of 
the binding of the methylmercuric ion to nucleotides and 
fragments of DNA is proposed. 
Proposition V 
The synthesis of a hemoglobin binding pocket model 
which contains a nitrogen nucleophile and is based structurally 
on the "pocket" porphyrin of Collman et al is proposed. 
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PROPOSITION I 
In the past few years advances in solid state nuclear 
magnetic resonance (nmr) spectroscopy, primarily the 
combination of cross polarization (CP) 1 and magic , angle 
spinning (MAS), 2 have enabled researchers to obtain high 
resolution 13c nmr spectra of solid samples. 3 CP/MAS 
has been applied to a variety of solid systems, and, in 
recent years, to both powdered4 and crystalline5 proteins. 
Using various numerical analyses of the CP/MAS spectrum, 6 - 9 
it is possible to obtain information about the anisotropy 
of the chemical shift tensor for each resonance. This 
becomes important for a complicated spectrum,as the over-
lap of the powder patterns for each resonance in the non-
rotating sample would make the spectrum uninterpretable. 
For this reason, it is proposed that the chemical shift 
anisotropy (CSA) of 13co bound to crystallized hemoglobin A 
be measured via analysis of the CP/MAS spectrum. Such 
data should yield valuable information regarding the 
similarities.andfor differences between the solid and 
solution forms of carbonmonoxyhemoglobins. 
When a solid nmr sample is spun at the magic angle 
(54.7°), rotational sidebands are observed as a frequency 
v + Nv when v (the rotational frequency) is less res r r 
than ~cr x v , where ~a is the anisotropy of the chemi-res · 
cal shift tensor and v is the resonance frequency. res 
As proposed by Maricq and Waugh, 8 moment analysis may be 
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used to extract the anisotropy from the amplitude of the 





w; I N~AN/I AN 
N=~ N 
AN = amplitude of the Nth sideband 
wr = 2Tivrot 
(l) 
Knowing the expressions for the ~th moment as a function 
of the anisotropy (~cr) and the asymmetry (n), it is pos-
sible to obtain ~cr. However, this also requires measuring 
the amplitudes for all of the sidebands -- a formidable 
task in the case of a complicated protein spectrum. 
9 In recent months, Herzfeld and Berger have overcome 
this problem. The intensity of the Nth sideband is given by 
TI 2TI 
where 
1 F = 
IN = frr I I IFI 2 ctasinSdS (2) 
0 0 
2TI 
I exp[i(-NG + ~ T (a,S,G) + ~+T+(S,8))Jd8 
0 
a,S are the Euler angles 
~ = -(wo/wr)(crxx - cryy) 
~+ = -(wo/wr)S(crav - 0 zz) 
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T (a,S,8) = <i4 )cos(2a)[3+cos(2S)]sin(28) 
- (~)sin(2a)cosScos(28) 
+ cos(2a)sin(2S)sin8 
12 --3- sin(2a)sinScos8 
'+(13,0) = <l4 ) [cos(213)-l]sin(20) + tl"f) sin(213)sin0 
Using eq. 2 and letting 
l.l = wo/wr( 0 33 - 0 11) (3) 
and 
p = 
(crll + 0 33 - 2cr22) 
( 0 33 - 0 11) 
(4) 
where 
plots of 9 l.l vs. p vs. IN/I0 have been created. Thus, by 
measuring the ratio IN/I
0 
for a few sidebands, values for 
p and l.l can be determined for a given resonance. In con-
junction with eq. 5, 
(5) 
values for cr 11 , cr22 , and cr 33 , and thus ~cr, may be obtained. 
Creating a solid sample of 13co HbA should be rela-
tively straight forward, as methods of crystallization 
are well documented. 10 The availability of a CP/MAS nmr 
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spectrometer at Caltech is imminent because of the arrival 
of a 4.7 T widebore magnet which will become a part of 
the Southern California Regional NMR Facility. Thus, 
this experiment could be done within the next year. 
Comparison of the solid state ~a for 13co bound to 
hemoglobin A with ~a obtained in solution11 would help 
answer some important questions concerning the effects 
of crystal packing forces on the structure of crystallized 
proteins. The work of Maciel et a1. 5 shows 
that the 13c CP/MAS nmr spectrum of 13cO·HbA looks much 
like the solution spectrum, implying that there is no dif-
ference between the protein in the solution and crystalline 
forms. However, large changes in ~a would not necessarily 
manifest themselves in the isotropic solid spectrum. 
This is evident from the fact that ~a for 13co bound to 
the monomeric hemoglobin of the marine annelid, Glycera 
dibranchiata, is twice as large as that for 13CO·HbA, 
yet the isotropic chemical shifts differ by less than 1%. 11 
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In most parts of the world's oceans, there exists a 
group of small creatures known as tunicates. They vary 
in size from being microscopic to several centimeters 
long. 1 This does not sound very interesting until one looks 
at a particular class, that of Ascidiacea, more commonly 
known as sea squirts. Sea squirts. are found to concentrate 
vanadium in very large amounts relative to dry body weight. 
This has prompted numerous studies of sea squirts over 
2-5 the past 60 years. Most of this work has not been done 
on the living system, specifically, the vanadium-con~aining 
vacuoles, known as vanadopores, which are housed in the 
blood cells (vanadocytes). Rather, the cells have been 
lysed, and various components isolated for study. 
Not working with the intact, living cells has created 
numerous artifacts because of tbe unusual nature of the 
3 vanadium-vanadocyte system. Inside the vanadopores 
vanadium exists in the atmospherically unstable (III) state. 
The vanadopores contain sulfuric acid at a concentration 
2 of 3.66 ~~ along with an organic ligand of some kind 
(empirical formula c16H17N3o11 )
1 and a large (~ 55,000 MW) 2 
protein, commonly known as hemovanadin, although it does 
not contain a porphyrin of any kind. 3 The relationship 
between these observations and the function of the vanadium 
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still remains a mystery, although it is generally accepted 
that it is not used in the transport of dioxygen. 3 
Recently, two studies on living vanadocytes were 
carried out. Swinehart et a1. 5 looked at the uv-visible 
spectrum of both intact cells and chromatographed fractions 
of lysed cells from A. ceratodes. They found that the 
vanadium (III) is primarily coordinated by so~2 and H20. 
This conclusion was also reached by Carlson, 4 who found that 
the vanadium is at least penta-coordinated with these in-
organic ligands, leaving one coordination site available 
for binding an organic ligand or protein. But what is this 
remaining ligand? Does it exist, or is the vanadium co-
ordinated to just H2o and so4
2 ? With the hope of answering 
these questions, it is proposed that resonance Raman 
spectroscopy be used to observe vanadium-ligand stretching 
frequencies within the intact vanadocytes of the ascidian 
A. ceratodes. 
Resonance Raman spectroscopy has been used in recent 
years to study chromophores in various biochemical sys-
tems.6'7 The advantages of resonance Raman in its applica-
tions to biological chromophores are that water does not 
interfere with the detection of the desired frequencies 
(as with infrared studies), and its tremendous sensitivity 
compared to normal Raman spectroscopy. The latter can be 
seen if one examines the contributions to the intensity of 
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the observed Raman line. For randomly reorienting molecules, 
the Raman line intensity is given by eq. 1. 6 The 
where 
5 
I = l28·7T 
9·c4 
2 I v .Lja .. j 
0 s lJ lJ 
I 0 = intensity of the incident light 
vs = frequency of the scattered light 
(l) 
"' aij = element of the molecular polarizability matrix, a 
element of the molecular polarizability matrix, a .. , is 
lJ 
. . 6 
obtained using second-order perturbation theory: 
(2) 
where 
m,n = initial, final states of the molecule 
e = excited state 
electric dipole transition moments along direc-
tions i and j, from me toe and from e ton 
v = frequency of transition from m to e 
e 
v = frequency of incident light. 
0 
From this equation it can be seen that as v approaches v , o e 
a .. becomes very large. So, if coherent radiation from a 
lJ 
laser is used as the incident light, and, if v
0 
is close 
to a particular electronic transition v , the Raman inten-e 
sities of the observed lines will be greatly enhanced. 
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The proposed experiment will be carried out as follows. 
Resonance Raman spectra of whole vanadocytes from the 
ascidian~ ceratodes will be obtained using laser wavelengths 
of 260 nm (Chromatix CMX-4 tunable dye laser), 8 325 nm 
(He-Cd laser), and 351 nm (Ar-ion laser). These wavelengths 
are directed towards the main absorptions of the cells and 
their chromatographed fractions (240 nm, 300-320 nm, and 
335 nm). 5 Three stretching frequency regions are of 
interest: 2) > 400 cm-l (V-0 stretch); b) 250-400 cm-l 
(V-N stretch); c) < 270 cm-l (V-S stretch). Each of these 
regions is of interest because they contain the three most 
likely metal-ligand interactions within the cells. ~ Region 
(a) should show activity due to coordinated so~2 and 
H2o.
9 , 10 Region (b) should have metal-amine stretching 
frequencies if either the organic ligand found in the 
hemolysate or the hemovanadin (which contains 48 residues 
with amino groups) 2 coordinates to the vanadium. 9 If any 
vibrations are observed below 270 cm-1 , then it could be 
concluded that there is some protein-vanadium interaction 
(hemovanadin contains 24 cysteine residues). 2 Such obser-
vations have been made on iron-sulfur proteins.
11 
The results obtained from this experiment will give 
information as to whether or not there is a protein-metal 
or ligand-metal interaction within the vanadopore, or that 
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the vanadium is acting as some sort of redox sink, oscil-
lating between vanadium (III) and vanadium (IV) with the 
production of acid for some still unspecified reason. 3 
Although modest in the amount of information obtained, 
this experiment should help clarify what ligands vanadium 
interacts with inside of the vanadocytes of sea squirts. 
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PROPOSITION III 
In recent years technological advances in chemical in-
strumentation have enhanced the productivity of analytical 
laboratories. Developments in the spectroscopies (infra-
r~d (ir) and uv-vis, for example) and the spectrometries 
(nuclear magnetic resonance (nmr) and mass spectrometry 
(ms)) have contributed at an accelerating rate. The coupling 
of some of these to gas chromatography (gc) has helped to 
automate many routine analyses. gc/ms 1 ' 2 is probably 
the best known and most widely used, as it has proved to be 
both a valuable tool and time-saver for the analysis of 
organic mixtures. With the recent arrival of Fourier trans-
form (FT)ms3 also known as FTjicr, the amount of sample 
required for MS analysis has been drastically reduced; 
this means that only a small portion of a given gc frac-
tion would be needed for ms analysis if an FTms were 
interfaced to a gc. The question becomes what can be done 
with the rest of the gc fraction? It is proposed that nmr 
micro-probe4 technology be used to enable nmr analysis of 
the gc fractions. In addition to this, it is proposed 
that an array processor5 be used to facilitate complete on-
site pattern recognition6 analysis of the gcjFTms/FTnmr 
data which will result in the structural identification 
of each fraction. 
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The schematic for the proposed gcjFTms/FTnmr is 
shown in Figure 1. The first splitter value (A) will 
remain open throughout the experiment. The choice of a 
flame ionization detector (fid) was made because of the 
fact that it should require less than 1% of the total 
effluent, yet be more sensitive than using a non-destruc-
tive detector in a series configuration. 1 Splitter value 
(B) will be opened by the computer only when the gc frac-
tion is det~cted, thus minimizing sample loss. While 
the FTms is collecting data on the fraction, the remainder 
of the gc sample will be collected and flowed through an 
lH nmr probe similar in design to that used in liquid chroma-
t h 1 . ?,B 1 h h h . .1 ograp y nmr ana ys1s, a t oug t e rece1ver col and sample 
1 .11 b 1 d d . b d. . 
4 vo ume w1 e sea e own to m1cro-pro e 1mens1ons. 
Total FTms and nmr acquisition times should be less than 
one minute per gc fraction. After the collection of each 
ms and nmrspectrum, the data will be shipped over to the 
array processor for transformation and thenstored on disk. 
Once all of the fractions have been sampled, the 
array processor will be used to perform two variable 
pattern recognition on each fraction. For . the first ex-
periments, the linear pattern classifier9 Will be used. 
This classifier uses the dot product of the sample pattern 
vector, y, and the trained weight vector, w, . to yield the 
classifier output s: 
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s = w ·y + w ·y + c ms ms nmr nmr (1) 
where wms' wnmr' and c are determined from the training data 
set. 
The pattern vectors £or the ms data will be derived 
directly from the mass spectrum. In the case of the nmr 
data, autocorrelation will be carried out. 9 , 1° For the 
function F(f), the autocorrelation function is defined as 
A(s) ~ JF(f)F(f + x)df 
f 
(2) 
This removes the chemical shift information from the spectrum, 
but retains the patterns associated with the spectrum (for 
example, the basic pattern for the 1H spectrum of the CH3CH2-
group). 
After the pattern recognition operation is completed, 
the structure obtained for each GC fraction will be output 
on the printer and, if a high resolution CRT is used, on the 
CRT. 
Initial start-up costs for this instrument should be 
high, primarily because of the software development and the 
FTms, although the latter should become less expensive as 
more are produced commercially. However, the long-term 
benefits of such an instrument in terms of the efficient 
analysis of unknown mixtures far outweigh the initial costs. 
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APPENDIX I 
Some notes on array processors: 
The choice of using an array processor for the Fourier 
transformations and pattern recognition instead of a mini-
computer or data transfer to a large mainframe computer 
arises from the analysis of both the speed and cost per 
operation. Table I summarizes the results obtained on 
five different data systems including the FPS AP-120B array 
processor. As can be seen, the array processor is 65.6 times 
as fast as a PDP 11/70 (minicomputer) and 6.8 times as 
fast as an IBM 370-168 (mainframe computer). In addition, 
the array processor is also th.e cheapest computer to use 
per floating point operation per second. 
Table I 
Representative Computation Times for Vector Operations on 
Various Systems. 5 
Computer MFLOPSa Relative Operating Speed 
Cray I 38.4 426.7 
FPS AP-120B 5.9 65.6 
IBM 370-168 0.87 9.7 
VAX 0.26 2.9 







a) Million floating point operations per second. These include data transfer 
overhead. 
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The toxic and mutagenic properties of . the methyl-
mercuric ion (CH3Hg(II)) and related species are well 
1 2 documented. ' The binding of mercuric ions to the 
sulfhydryl groups of proteins is considered to be the major 
reason for the toxic nature of these ions, whereas the 
mutagenic property is believed to involve binding of 
methylmercuric ions to DNA nucleotides, causing the sepa-
ration of base pairs within DNA strands. 3 In recent years, 
nuclear magnetic resonance (nmr) spectroscopy has been 
used to investigate various methylmercuric species in solu-
tion. 1H, 4 13c, 5 and 199Hg6 nmr have yielded information 
about the solution chemistry of CH3HgOH and related ionic 
species as well as the interactions of the ionic species 




1 9 10 . . 
and H nmr ' spectroscop1es have been used to investi-
gate the binding of methylmercuric ions to various nucleo-
sides and nucleotides. The extension of these latter 
studies to the investigation of CH3Hg(II) binding to 
polymeric nucleotides and native DNA is not straightforward, 
as the Resonance Raman and nmr spectra become very complex. 
Also, in the case of the 1 H nmr data, chemical exchange 
can complicate spectra even further. With this in 
mind, it is proposed that the binding of CH3Hg(II) to 
nucleotides and, ultimately, strands of DNA be examined 
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with 199Hg nmr. 
The advantages of using 199Hg nmr as a probe of 
CH3Hg(II) complexation with nucleotides arise primarily 
from the fact that the 199Hg nmr spectrum will be much less 
comp l ex than the 1 H spectrum as there are less spins to be 
observed. The known chemical shift range for 199Hg is 
large (> 2600 ppm); 10 this could mean that subtle dif-
ferences in binding of CH3Hg(II) to different nucleotide 
bases will be manifested in the 199Hg nmr spectrum. In 
terms of obtaining dynamic (i.e., chemical exchange) informa-
tion , the large chemical shift range might allow for the 
measurement of exchange rates between the methylmercuric 
ions in different sites through the use of magnetization 
t f t h . 12 rans er ec n1ques. Although lineshape analysis has 
been used to examine the binding dynamics of CH3Hg(II) with 
2' ,3 ' -cAMP, 10 such methods will be ·impractical when larger 
systems are examined, as the spectra will become exceedingly 
compl ex. 
Preliminary experiments should involve the collection 
of 199Hg nmr spectra of CH3Hg(II) bound to purine and 
pyrimidine nucleotides within the pH range of 1 to 13. This 
will help to characterize the 199Hg chemical shifts for the 
various methylmercuric (!I)-base species. In addition, 
the k inetic parameters of the CH3Hg(II) binding should also 
be measured, presumably using magnetization transfer, as 
the various species in solution are expected to be in slow 
exchange with each other. 
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Once the small systems have been well character i zed, 
the c omplexation of CH3Hg(II) to fragments and large strands 
of n a tive DNA may be studied with 199Hg nmr. These experi-
ment s should help define the nature of the structural and 
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PROPOSITION V 
Much work has been carried out in recent years directed 
towards c reating model complexes which mimic the 0 2 binding 
site s in hemoglobins and myoglobins~ Chang and Traylor1 
synt hesized a derivative of protoheme IX which had an 
att a ched imidazole ring; the ring nitrogen could coordinate 
to t he heme iron, thus simulating the proximal histidine 
within the protein. Collman et a1. 2 mimicked the hydro-
phobic pocket that envelops the ligand binding site within 
the proteins by creating a molecule known as the "picket 
fence" porphyrin. This was one of the first model heme 
sys t ems that bound oxygen reversibly and, as determined 
from the x-ray structure, showed that o2 binds to the 
iron off-axis through one oxygen as first proposed by 
Paul ing. 3 Most recently Collman et a1. 4 synthesized a 
" pocket" porphyrin which, by creating a sterically hindered 
liga nd binding site to simulate the proposed distal steric 
effe ct within the proteins, appeared to have a reduced 
carbon monoxide binding affinity similar to that of 
hemo glob ins and myoglobins. However, this result is in 
conflict with the recent work of Traylor and Berzinis4 
whic h found that reduced CO affinity could be obtained 
for a model system without any steric hindrance. 
6 As first proposed by Maxwell and Caughey and demonstrated 
by Satterlee et a1. 7 and Perkins, 8 a nucleophilic interaction 
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exists between the distal histidine nitrogen and heme 
coordinated CO within hemoglobins. It has been postulated 
that this interaction helps to r ·educe the CO affinity. 
However, no model system has been synthesized which would 
examine this particular CO affinity reduction mechanism. 
With this in mind, it is proposed that a modified "pocket" 
porphyrin be synthesized which will provide both steric 
hindrance as well as a nitrogen nucleophile which can 
interact with bound CO. 
The synthesis of the proposed "nucleophilic pocket" 
porphyrin is outlined in Figure 1. The pyridine nitrogen 
will serve as the nucleophile rather than an imidazole 
nitrogen as in the proteins. Because of the unavailability 
and, most likely, instability of the pyridine analog of 
benzene ·triacetic acid, the 2,4,6-tricarboxylic acid of 
pyridine has been chosen as the "cap" for the porphyrin. 
This means that the chain which connects the porphyrin cap 
to the porphyrin itself must be lengthened by using 0-nitro-
methyl benzaldehyde rather than 0-nitro benzaldehyde for 
the synethesis of the porphyrin. To produce this substrate, 
the reaction of Buehler et al9 is used to make 0-nitro-
methyl benzylbromide from a-nitrotoluene, which is then 
coverted by standard methods to the benzaldehyde. From this 
point on, the synthesis is relatively straightforward. 
The non-nucleophilic derivative of this "pocket" porphyrin 
will also be synthesized in this fashion. The ligand trans 
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to the pocket coordinate site will be either 1-methylimidazole 
or 1,2-dimethylimidazole. 
Once the two "pocket" porphyrins have been isolated, the 
binding affinities for both o2 and CO may be obtained using 
standard spectrophotometric techniques. Also, the measure-
ment of the c=o infrared stretching frequency should prove 
useful in determining how the presence of the pyridine 
nitrogen affects the CO environment. 
The primary advantage of this experiment is that 
two virtually identical systems may be compared, the only 
difference between the two being the presence or absence of 
a nucleophile, the pyridine nitrogen. Such a direct compari-
son has not been done in the past, thus explaining the 
controversy about the affinity reduction mechanism for CO 
binding in hemoglobins and myoglobins. It is hoped that 
thisexperiment will help to clarify the exact role of the 
distal residues within the protein ligand binding site. 
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